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 A 3D forward model combining fault parallel flow and trishear gives listric fault 7 
geometries at depth for the Amenthes thrust fault system.   8 
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Abstract 15 

Amenthes Rupes is the topographic expression of a main fault belonging to a thrust fault system 16 
located parallel to the martian dichotomy boundary. A 3D forward model has been applied to the 17 
Amenthes thrust fault system, constraining fault geometries at depth, variations of slip along 18 
strike and structural parameters controlling the formation of fault propagation folds. Our results 19 
provide a complex 3D view of the tectonic framework of the area, with implications for tectonic 20 
evolution, regional shortening distribution, and the main mechanical discontinuities in the 21 
lithosphere. The modeled fault surfaces show planar morphologies combined with listric 22 
geometries at depth. The obtained depths of faulting for the major faults of this fault system 23 
suggest a depth of the brittle-ductile transition (at the time of formation) of 20 24 km, somewhat 24 
shallower than previous estimates for this area. A possible mechanical discontinuity located at 25 
10.5 13 km deep can be deduced from the faulting depths of the secondary faults. The listric 26 
geometries at depth imply that slip is transmitted from the decollement, together with the 27 
inclusion in the model of secondary and subsidiary faults, allow us to estimate the horizontal 28 
shortening recorded in this area ranging from 2-3 km up to ~5.5 km in the southeastern part of 29 
the fault system. This range increases the previous shortening estimates in this area between ~60 30 
and ~200%. Consequently global shortening estimates based on global fault maps are biased by 31 
the detail of mapping, and shortening would substantially increase if secondary faults were 32 
included. 33 

Plain Language Summary  34 

Amenthes Rupes is a large topographic relief known as a lobate scarp, formed by the 35 
displacement of a contractional fault belonging to a fault system located in the Amenthes 36 
Region, Mars. The study of the faults forming these reliefs provides insights on the faulting and 37 
folding processes, which are related to the state of the lithosphere at the time of formation. A 3D 38 
modeling has been applied to Amenthes fault system, modeling fault geometries at depth, 39 
interaction between faults, associated slip values, depth of faulting, and other parameters that 40 
control the formation of the relief. These results provide a complex 3D view of how the area 41 
contracted. The obtained fault surfaces show curved geometries at depth. The major faults in the 42 
fault system root at a depth where ductile deformation in the lithosphere begins, estimated to be 43 
at 20 24 km. The estimated regional horizontal shortening accommodated by the fault system 44 
range between 2 and ~5.5 km, which increases the shortening in this area between 60 and 200% 45 
compared with previous estimates. This recognizes that the inclusion of secondary faults in 46 
global contraction models would increase substantially the global shortening estimates. 47 

1 Introduction 48 

Lobate scarps are positive structural reliefs observed on terrestrial planetary surfaces, 49 
assumed to be the expression of large thrust faults (e.g. Anguita et al., 2006; Schultz & Watters, 50 
2001; Strom et al., 1975; Watters & Nimmo, 2010; Watters & Robinson, 1999). These structures 51 
present an asymmetric relief that shows the characteristic morphology of a fault related fold 52 
caused by the displacement of a low angle thrust fault breaking the topographic surface. The 53 
lobate scarp uplift is formed by an anticline with a gentle trailing flank (backlimb), and a frontal 54 
abrupt flank forming the scarp face (forelimb). A trailing syncline and a frontal syncline are 55 
usually present on each side of the anticline (e.g. Grott et al., 2007; Herrero-Gil et al., 2019, 56 
2020; Schultz, 2000; Schultz & Watters, 2001). The large thrust faults underlying lobate scarps 57 



 

have been studied and modeled by several authors on different terrestrial bodies like Mars (e.g. 58 
Egea-González et al., 2017; Grott et al. 2007; Herrero-Gil et al., 2019; 2020; Klimczak et al., 59 
2018; Mueller et al., 2014; Ruiz et al., 2008; Ruj et al., 2018; Schultz & Watters, 2001), Mercury 60 
(e.g. Crane & Klimczak, 2019; Egea-González et al., 2012; Galluzzi et al., 2015, 2019; 61 
Giacomini et al., 2019; Semenzato et al., 2018; Watters et al., 2002), the Moon (e.g. Byrne et al., 62 
2015; Williams et al., 2013), Ceres (Ruiz et al., 2019) and asteroid 433 Eros (Watters et al., 63 
2011). These works usually include the study of the timing of faulting and the analysis of the 64 
structural parameters that define the fault morphology and kinematics (depth of faulting, dip 65 
angle, fault slip), with the final aim of advancing on the knowledge of the tectonic and thermal 66 
evolution of these terrestrial bodies. The modeling of the structural parameters is performed 67 
assuming that fault geometry and fault slip control lobate scarp topography (Schultz & Watters, 68 
2001; Watters et al., 2002). The study of martian lobate scarps provides insights on the rheology 69 
of the martian lithosphere at the time of formation (Ruiz et al., 2008). The depth of faulting of 70 
the large underlying faults has been related to a main rheological discontinuity, that on Mars is 71 
considered to represent the brittle-ductile transition (BDT) at the time of lobate scarp formation 72 
(e.g., Grott et al., 2007; Ruiz et al., 2008, 2009, 2011; Schultz & Watters, 2001).  73 

The most studied lobate scarp on Mars is Amenthes Rupes (e.g. Egea-González et al., 74 
2017; Mueller et al., 2014; Ruiz et al., 2008; Schultz, 2003; Schultz & Watters, 2001; Watters et 75 
al., 2000), due to its large dimensions and its location near the dichotomy boundary (Watters, 76 
2003b) (Fig. 1), which makes its study essential when analyzing the mechanical and thermal 77 
properties, and the evolution of the lithosphere (e.g. Egea-González et al., 2017; Ruiz et al., 78 
2011; Schultz & Watters, 2001). The Amenthes Rupes lobate scarp, as well as most of the lobate 79 
scarps modeled on Mars, has been modeled through 2D cross sections analysis (e.g. Egea-80 
González et al., 2017; Grott et al., 2007; Herrero-Gil et al., 2019; Mueller et al., 2014; Ruiz et al., 81 
2008; Schultz & Watters, 2001). This 2D modeling applied to lobate scarps restricts the results 82 
obtained to the chosen cross sections of structures that are hundreds of kilometers long and 83 
present significant variations along their length (e.g. Herrero-Gil et al., 2020; Klimczak et al., 84 
2018). Besides, Amenthes Rupes is not formed by an isolated fault. This is the largest structure 85 
belonging to a structural set of surface breaking thrust faults (Schultz, 2003; Watters & 86 
Robinson, 1999) located in the Amenthes Region (Fig. 1). The complexity of the interaction 87 
between these faults and the main Amenthes thrust fault controls the topographic expression of 88 
lobate scarps in this area. 89 

The 3D modeling of lobate scarps allows expansion of our knowledge of the fault 90 
geometries at depth and fault kinematics, and of the mechanical structure of the lithosphere at the 91 
time of formation (Herrero-Gil et al., 2020). Here we show the results of a detailed 3D modeling 92 
of the Amenthes thrust fault system providing information about the fault geometries and fault 93 
related folding, together with the variations of the structural parameters along their strike and 94 
with depth and the interaction between faults, resulting in a complex tectonic framework. This 95 
3D procedure provides a step forward in the understanding of thrust fault systems on Mars 96 
compared with previous 2D approaches. The depth of faulting of the main modeled faults 97 
provides estimates of the BDT depth at the time of formation. In addition, the study of the 98 
secondary and subsidiary faults provides information about the presence of mechanical 99 
discontinuities in the crust. This analysis also provides insights about the nature of the 100 
deformation in this region close to the martian dichotomy boundary, as well as about the general 101 
processes that formed martian lobate scarps and the amount of horizontal contraction implied 102 
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structures generated by linear horizontal contractional deformation, i.e. shortening), which in 104 
turn has implications for the tectonic and thermal evolution of Mars. 105 

1.1 Amenthes Rupes 106 

Amenthes Rupes is located in the heavily cratered highlands of Mars (e.g. Caprarelli et 107 
al., 2007; Erkeling et al., 2011; Mueller et al., 2014; Schultz, 2003; Schultz & Watters, 2001; 108 
Watters, 2003b), specifically in the northeast of the Amenthes Region. This topographic 109 
structure is the morphological expression of the displacement on a large thrust fault with surface 110 
rupture (e.g. Mueller et al., 2014; Schultz & Watters, 2001). The main thrust fault that forms 111 
Amenthes Rupes is part of an array of five thrust faults underlying a set of lobate scarps (Schultz, 112 
2003; Watters & Robinson, 1999), striking 120 140ºE (Fig. 1), parallel to the NE margin of 113 
Amenthes Planum (Caprarelli et al., 2007) which is located southwest.  114 

The Amenthes Rupes lobate scarp was formed in the Late Noachian/Early Hesperian 115 
(e.g., Schultz & Watters, 2001; Watters & Robinson, 1999), around 3.7 Ga ago (Egea-González 116 
et al., 2017). The Late Noachian highland crust, where lobate scarps formed, is expected to be 117 
formed by non-layered rocks with more isotropic character than the Amazonian-Hesperian units 118 
that postdate them (e.g. Schultz, 2000; Mueller et al., 2014). Martian erosion rates have remained 119 
very low from Hesperian to the present (e.g. Golombek & Bridges, 2000; Golombek & Phillips, 120 
2010) and this area does not show significant signs of erosion affecting the lobate scarps. 121 
However, the structural relief related to this fault system was modified by several impact craters, 122 
some of them clearly postdating its formation. A geological unit of Amazonian-Hesperian age 123 
postdates the Late Noachian cratered terrains, forming smooth plains in the areas of low 124 
topographic relief, as well as infilling most of the craters (Erkeling et al., 2011).  125 

Amenthes Rupes has aroused great interest due to its proximity to the dichotomy 126 
boundary. This is the largest of a series of lobate scarps located between 100 and 500 km 127 
southwest of the dichotomy boundary, in the highlands of Arabia Terra, Amenthes Region and 128 
Terra Cimmeria. These lobate scarps are roughly parallel to the dichotomy boundary and record 129 
a contractional strain perpendicular to this boundary (e.g. McGill & Dimitriou, 1990; Nimmo, 130 
2005; Watters, 2003a, 2003b; Watters & Robinson, 1999; Watters et al., 2007). The deformation 131 
along the dichotomy boundary in these areas occurred during the Late Noachian and Early 132 
Hesperian (McGill & Dimitriou, 1990; Nimmo, 2005; Ruiz et al., 2008: Watters and Robinson, 133 
1999) postdating the formation of the dichotomy boundary but being important in the shaping of 134 
its current relief. These observations suggest that the formation of the lobate scarps in these areas 135 
is related to the dichotomy boundary (Watters & Robinson, 1999), which has been associated 136 
with lithospheric flexure (Watters, 2003a; Watters & McGovern, 2006). The formation of 137 
Amenthes Rupes has been also related to Isidis basin due to its radial orientation with respect to 138 
the basin center (Wichman & Schultz, 1989). Egea-González et al. (2017) included Amenthes 139 
Rupes in their circum-Hellas study since it presents a concentric orientation to Hellas basin, 140 
being orthogonal to a compressive stress associated with this large impact basin. Similar 141 
contractional structures parallel to Amenthes Rupes can be found closer to Hellas basin 142 
(Cerberus Dorsa). Previous studies focused on modeling Amenthes Rupes had as a main 143 
objective the calculation of the depth of faulting of the underlying fault, which on Mars is 144 
assumed to coincide with the BDT at the time of faulting. This BDT depth has been used to 145 
model the thermal structure of the early martian lithosphere and to calculate the heat flow values 146 



 

during the Late Noachian/Early Hesperian (Egea-González et al., 2017; Mueller et al. 2014; Ruiz 147 
et al., 2008, 2011; Schultz & Watters, 2001).  148 

The Forward Mechanical Dislocation method (FMD) (Toda et al., 1998, 2005) that 149 
models the surface as an elastic halfspace, and the Balanced Cross Sections method (BCS) 150 
(Chamberlin, 1910, 1919; Dahlstrom, 1969) based on mass conservation, are the two approaches 151 
previously applied to model 2D topographic profiles across Amenthes Rupes. Although non-152 
planar fault morphologies (listric fault geometries) have been proposed to explain lobate scarp 153 
formation (Mueller et al., 2014; Watters & Nimmo, 2010), previous works that have modeled 154 
Amenthes Rupes with FMD method present the fault plane as a planar surface with a constant 155 
dip, because the results obtained using non-planar geometries did not provide satisfactory results 156 
(Schultz & Watters, 2001). Schultz and Watters (2001) modeled two cross sections of Amenthes 157 
Rupes with FMD method to obtain a depth of faulting of 25 30 km. The same method was later 158 
applied by Ruiz et al. (2008) to a perpendicular cross section obtaining a depth of faulting of 27159 
35 km, and by Egea-González et al. (2017) to obtain a depth of faulting of 27 33 km. The BCS 160 
method was used by Mueller et al. (2014) proposing a listric fault, due to the topographic 161 
characteristics of the lobate scarp, obtaining a depth of faulting of 33 48 km. 162 

2 Data and method 163 

The objective of the 3D modeling of lobate scarps is to obtain the fault geometries, the 164 
slip distribution and trishear parameters that best replicate the topographic surface uplifted by 165 
each fault with the smallest misfit with the observed topography. A detail mapping of the studied 166 
structures is necessary before the modeling process to identify the fault structures of the area. 167 
The topographic base used for the mapping and modeling of Amenthes thrust fault system is the 168 
Mars Orbiter Laser Altimeter data (MOLA, Mars Global Surveyor) with a ~463m/px (Smith et 169 
al., 2001; Zuber et al., 1992). The main base image used during mapping is the Thermal 170 
Emission Imaging System (THEMIS, Mars Odyssey mission) daytime infrared (IR) model with 171 
a 100 meter/pixel resolution (Christensen et al., 2004). The Context Camera images (CTX, Mars 172 
Reconnaissance Orbiter) (Malin et al., 2007) have been consulted occasionally. The analysis of 173 
the MOLA topography, together with THEMIS and CTX images, allowed us to make a detailed 174 
structural map of the area (Fig. 1). The identification of the tectonic structures in the area was 175 
performed by analyzing several profiles, attending to slope changes to identify the reliefs that 176 
may be related to tectonic deformation. THEMIS images (or CTX images when more resolution 177 
was needed) were used to verify their tectonic origin and to trace them in the map. The five large 178 
thrust faults underlying the reliefs that meet the description of lobate scarp, together with their 179 
associated fold structures, were mapped following this procedure. Other minor contractional 180 
structures have been identified in the area. The minor thrust faults have been distinguish from 181 
wrinkle ridges because it was possible to identify the vergence of the structure due to the uplift 182 
of the hanging wall. Nevertheless, wrinkle ridges present a lower relief and a complex structure 183 
that requires an exhaustive analysis to identify the vergence of the underlying thrust faults, which 184 
is not the objective of this work, so we have kept this morphological term in the structural map.  185 

The folding associated with thrust fault generation has been considered, in this study, to 186 
be caused by fault propagation folding since the morphologies of other fault related folds, like 187 
fault-bend folds and detachment folds, do not match the observations (Jamison, 1987). 188 
Displacement-gradient folds (Wickham, 1995) have been proposed to play a role in the folding 189 
process of lobate scarps (e.g. Klimczak et al., 2018), but a simple fault propagation folding 190 



 

mechanism has been chosen for modeling simplification purposes. The role of fault propagation 191 
folding is strongly supported by the evidence of surface rupture. The fault propagation fold of 192 
each lobate scarp forming the Amenthes Rupes fault system has been modeled using the fault 193 
parallel flow (Egan et al., 1997; Kane et al., 1997; Wheeler, 1987) and trishear (Allmendinger, 194 
1998; Erslev, 1991) algorithms applied in a 3D modeling framework (Cardozo, 2008; Cristallini 195 
& Allmendinger, 2001) using MOVETM software (Midland Valley). The fault parallel flow 196 
algorithm determines the deformation of the hanging wall caused by the displacement over a 197 
complex fault geometry, while the trishear method defines the deformation distributed ahead of a 198 
propagating tip point. The combination of both algorithms is a pure geometric approach, which 199 
was designed for modeling strain in the brittle lithosphere, characterized by faulting and folding 200 
assuming volume conservation (e.g. Cristallini & Allmendinger, 2001; Ziesch et al., 2014). This 201 
combination, has been proved useful in the modeling of thrust belts on Earth (e.g. Cardozo, 202 
2008; Cardozo & Brandemburg, 2014; Cristallini & Allmendinger, 2001; Li et al., 2020; 203 
Maesano et al., 2013; Watkins et al., 2015) to constrain the tectonic scenarios at depth due to the 204 
possibility of varying the parameters that define faulting and folding along the structure. It has 205 
also been applied to model Ogygis Rupes lobate scarp together with two subsidiary backthrusts 206 
(Herrero-Gil et al., 2020) on Mars. The topographic surface of Amenthes Region has been 207 
modeled attending to the premise that the erosion rates on Mars have remained low since lobate 208 
scarps formation (e.g. Golombek & Phillips, 2010). We have assumed that no other mechanisms 209 
has substantially altered the slopes of the structural reliefs identified as the result of the 210 
displacement of the underlying thrust fault system, although some gravitational deposits at the 211 
scarps bases can be observed at some scarce locations. 212 

Fault parallel flow algorithms constrain the movement of the hanging wall over the 213 
footwall through the assumption of volume conservation (Ziesch et al., 2014). The deformation 214 
is defined by a fault parallel shear, where the material of the hanging wall moves in the direction 215 
of the fault slip along flow paths parallel to the fault surface. The geometry of the fault plane 216 
controls the topography of the lobate scarp (Schultz & Watters, 2001; Watters et al., 2002), 217 
specifically the dip and depth of the fault plane mostly define the width of the associated lobate 218 
scarp (distance between the trailing syncline and the scarp base), and the fault slip controls the 219 
relief of the structure. The depth of faulting influences the amount of uplifted material, defining 220 
the location of the syncline and consequently the width of the anticline, while the dip angle of the 221 
fault is directly related to the slope of the backlimb. Accordingly, variations in fault dip at depth 222 
modify the backlimb slope. A gradual decrease of the dip angle at depth, flattening downwards 223 
into the decollement (resulting in listric fault geometries) creates a gentle and wider backlimb, 224 
due to a tilting of the hanging wall with respect to the footwall (e.g., Amos et al., 2007; Erslev, 225 
1986; Johnson & Johnson, 2002; Ziesch et al., 2014).  If the decrease of the dip angle at depth is 226 
abrupt, it generates a steeper and narrower backlimb (e.g. Amos et al., 2007; Ziesch et al., 2014). 227 
The absence of rooting level, using a fault that ends abruptly, would result in a lack of backlimb 228 
development and non-generation of a trailing syncline. The effect in the topography caused by 229 
the variation of these fault parameters is explained in Text S1 (Supporting information). 230 

Trishear algorithms (Allmendinger, 1998; Erslev, 1991) successfully replicate the folding 231 
ahead of a propagating thrust fault (Fig. 2). In cross section, the folding occurs in a triangular 232 

233 
distributed shear deforms the material ahead of a propagating fault tip. The trishear parameters 234 
define the shape of the main anticline and the frontal syncline, through the distribution of the 235 

1 2) with respect to the fault 236 



 

(Zehnder & Allmendinger, 2000), the depth of the initial fault tip, and the fault propagation to 237 
fault slip ratio (P/S) (Hardy & Ford, 1997). A small trishear area implies that the deformation is 238 
more concentrated, creating a narrower syncline (with a steeper forelimb) than if the deformation 239 
is distributed in a larger trishear area (Allmendinger, 1998). The P/S ratio (Hardly and Ford, 240 
1997) is directly related to the degree of fold development. Low P/S values (below 2) imply that 241 
the material spends more time in the trishear zone, undergoing more deformation of the forelimb 242 
before faulting. The effect that the variation of trishear parameters has on the uplifted topography 243 
is explained in Text S1 (Supporting information). 244 

The modeling workflow comprises from the construction of the fault surfaces to the 245 
reproduction of the observed topographic surface through the forward slip of the thrust faults 246 
with propagating fault tips and associated trishear folding (Herrero-Gil et al., 2020). Firstly, a 247 
preliminary 2D restoration of the topographic surface and forward modeling were performed for 248 
several cross sections made along each fault, to get a first order approximation of the fault 249 
geometries. The 3D fault surfaces used during the modeling were built by interpolation between 250 
these cross sections. Secondly, the created 3D fault surfaces were validated thought a 3D 251 
restoration of the MOLA observed topographic surface. These 3D fault geometries serve as a 252 
starting point for the restoration, and their shapes were modeled until generating the best surface 253 
restoration, through the iterative variation of dip and depth along the structure paying attention to 254 
the resulting topographic surface modifications (see Text S1 Supporting information). This 255 
restoration process shows the subsurface interaction between nearby structures, and provides an 256 
approximation for fault slip values and trishear parameters. Finally, the 3D fault geometries 257 
resulting from the 3D restoration have been used in the 3D forward modeling. Fault slip and 258 
trishear parameters have been adjusted in this last step of the process, comparing the resulting 259 
modeled surface to the original MOLA topography until the best possible fit is achieved. The 260 
initial topographic surface used during the 3D forward modeling was obtained from the original 261 
MOLA topography, from which crater depressions, rims, ejecta and structural reliefs related to 262 
lobate scarps were removed (Herrero-Gil et al., 2020), taking the grid points that are outside 263 
these structures and interpolating the surface using the kriging geostatistical procedure. 264 

3 3D Structural analysis results 265 

The area of study includes Amenthes Rupes (main fault) and other four major thrust 266 
faults forming the largest structural reliefs (Fig. 1, Table 1). The general vergence of these lobate 267 
scarps is towards the SW, except for Fault 3 which is a backthrust verging NE. The main fault 268 
and faults 2, 3 and 4 are interrelated, their traces intersect or their associated topographies 269 
interfere with each other. Otherwise, Fault 5 is located parallel to Amenthes Rupes in the NE of 270 
the study area. 271 

3.1 3D Restoration  272 

The restoration of the lobate scarp reliefs present on the observed MOLA topographic 273 
surface (Fig. 3a) has been made by reversing the thrust slip of the underlying 3D fault surfaces in 274 
order to obtain a surface without any relief associated with thrust faults, which is representative 275 
of the topographic surface prior to contractional deformation (Fig. 3b) 276 

The modeled fault surfaces reflect a planar geometry in the upper kilometers with a 277 
gradually decrease of the dip at depth, until it flattens when reaching the decollement level, 278 
resulting in listric morphologies constrained by the shape of the structural relief. The presence of 279 



 

a decollement level is supported by the presence of a trailing syncline associated with all the 280 
thrust faults modeled (Fig. 1). Subsurface relationships between faults appear when trying to 281 
restore MOLA topography, which allows us to group the five studied faults. Each thrust fault has 282 
been assumed to present dip-slip reverse faulting with the slip vector of each fault perpendicular 283 
to the fault strike, since no evidence of a strike-slip component of deformation was observed. 284 

3.1.1 Main fault and Fault 2 285 

The Amenthes Rupes lobate scarp is generated by a 470 km long thrust fault. The largest 286 
relief (~1050 m) of Amenthes Rupes is located near the center of the structure and corresponds 287 
with the crest of the fault propagation anticline. The surface rupture of this thrust fault is denoted 288 
by a cross-cut crater located approximately in the middle of the structure (Mueller et al., 2014).  289 
The modeled dip angle of the main thrust fault is 27º 28º NE for the first ~30 32 km (measured 290 
on the fault plane from the surface), until a depth of ~14 15 km, where the dip angle begins a 291 
gradually decrease with a listric geometry. The main fault roots into a decollement at 20 km of 292 
depth in the northwestern part of the structure, deepening up to 24 km in the southeastern part 293 
(Fig. 4b, c).  294 

Fault 2 is a 180 km long thrust fault that entirely overlaps the southern part of the main 295 
fault, being mostly parallel to it. It is located on the hanging wall of the main thrust fault, with a 296 
spacing value of ~10 km, although it increases up to 20 km near the southeast fault tip. The 297 
maximum relief associated with this fault is ~570 m. Fault 2 is modeled as a splay fault that roots 298 
with a listric geometry at the same decollement than the main fault (Fig. 4b). However, it 299 
presents a slightly higher dip angle than the main fault (29.5º NE) for the upper ~31 km 300 
measured on the fault plane from the surface (until ~15 km deep). 301 

3.1.2 Fault 3 and Fault 4 302 

Fault 3 is a 220 km long thrust fault verging NE, opposite to the main fault vergence (i.e. 303 
Fault 3 is a backthrust), which presents an arcuate form in map view. Fault 3 intersects at the 304 
present topographic level with the main fault at 130 km from its southern tip point, forming a 40 305 
km long pop-up elevation located north of the intersection-point. The main fault and Fault 3 form 306 
a pop-down structure southwards from this intersection-point (Fig. 4a, b). The lobate scarp 307 
associated with Fault 3 presents a maximum relief of 900 meters in its central part. The dip angle 308 
of this backthrust is estimated to be 31º 33º SW for the first ~29 km (measured along the fault 309 
from the surface), until ~15 km of depth, where the dip angle decreases gradually in a listric 310 
geometry. The depth of faulting has been set at 21.5 22.5 km. Two minor faults, not included in 311 
the modeling due to their small dimensions (Fig. 1), seem to distribute the displacement of this 312 
fault to the southeast.  313 

Fault 4 is a SW verging thrust fault separated 70 km southeast from Fault 3, striking 314 
parallel to it. It is a 126 km long thrust fault that overlaps along all its length with Fault 3, 315 
generating a pop up structure (Fig. 4a, b). The backlimb of its associated lobate scarp presents 316 
two big craters that mask the morphology of the uplifted relief, which has been measured to be 317 
800 m. The fault surface underlying this structure presents an estimated dip angle of 23º NE for 318 
the first ~22 km (measured along fault from the surface) that decreases gradually at ~9 km of 319 
depth until rooting at 13 km deep into the subhorizontal decollement (Fig. 4b). 320 



 

3.1.3 Fault 5 321 

Faults 5 is located ~85 km northeast from the main fault and parallel to it and it is formed 322 
by two linked fault segments. The NW Segment presents a linear trace 180 km long. The 323 
topography of the anticline forming the lobate scarp was modified by impact craters, but its 324 
maximum relief has been measured to be 600 m. The SE segment is 160 km long, and it is 325 
separated ~15 km south from NW Segment, overlapping 25 km. Its trace reflects two lobes in 326 
map view, with a maximum relief peak in each lobe of approximately 500 meters. Both fault 327 
segments present similar modeled dip angles (27º 28º NE) near the surface (the first ~15 16 km 328 
measured on the fault plane) decreasing from ~7 8 km of depth. The depth of faulting of 329 
Segment NW is calculated to be 10.5 11.5 km (Fig. 4e), while the SE Segment roots at 9.5 11 330 
km. 331 

3.2 3D Forward modeling  332 

The 3D forward modeling reproduces the original topographic surface (Fig. 3a) starting 333 
with the fault surfaces obtained from the 3D restoration to deform an initial surface in which the 334 
uplifted topography related to the displacement of the thrust faults have been removed (Fig. 5a). 335 
The best fit model (Fig. 5b) is obtained modeling the fault propagation fold for each thrust fault 336 
along its strike, by adjusting the trishear parameters that define the folding ahead of the 337 
propagating fault tip (Table 1) and the distribution of the fault slip (Fig. 6). 338 

Main thrust fault, Fault 2, the backthrust (Fault 3) and the NW Segment of Fault 5 present 339 
large modeled trishear angles (80º 86º), while Fault 4 and the SE Segment of Fault 5 present 340 
moderate trishear angles (44º 60º). The P/S ratios for the main fault and Fault 3 have been 341 
estimated to be 3, however the P/S ratios obtained for the other faults included in the model are 342 
2. 343 

The distribution of the cumulative fault slip (Fig. 6) calculated for each analyzed thrust 344 
fault reflects a decay of the slip towards the lateral tip points. The maximum slip is located in the 345 
center of the main fault, with an estimated value of ~2100 m that towards the northwest decay to 346 
zero while in the southeast flattens out at ~1050 m before the decreasing. Fault 2 presents a 347 
symmetric peak type slip distribution (Fossen, 2010) with a maximum modeled slip of ~1300 m 348 
in the center that coincides with the secondary flat top of the main fault. The maximum fault slip 349 
of Fault 3 is estimated to be ~1600 m, and it is located approximately 75 km from its southern tip 350 
point leading to an asymmetric slip distribution. This fault presents a constant decrease to zero 351 
slip towards the south, while to the northern tip point the slip decreasing plummets when it 352 
intersects with the main fault. Fault 4 presents a symmetric plateau type slip distribution (Fossen, 353 
2010) with a maximum flat top corresponding with an estimated slip of ~1720 m. The maximum 354 
modeled slip of Fault 5 NW Segment is ~1100 m, which is located at 30 km from the 355 
southeastern tip point. The modeling of the SE Segment of Fault 5 reflects two peaks in the slip 356 
distribution of ~1000 and ~920 m corresponding with the two lobes identified in plan view 357 
(Fig.1). 358 

The accuracy of the best fit model obtained has been probed by comparison with the 359 
observed MOLA topography (Fig. 7), trying to minimize the elevation difference between them. 360 
The study area is characterized by the presence of a large number of impact craters that modify 361 
the topography. The greatest differences in elevation are due to these impact craters that we have 362 
removed from the initial modeling surface when removing the lobate scarp reliefs, thus the 363 



 

calculation of the difference between the observed topography (Fig. 3a) and the forward modeled 364 
topography (Fig. 5b) has been made excluding crater values. The median value calculated for the 365 
elevation difference between the MOLA model and the modeled topographic surface is ~3 m. 366 
The quartile deviation associated with this median value, which is indicative of the average fit of 367 
the model, is ~29 m, indicating that half of the values obtained when comparing these two 368 
surfaces are concentrated between 32 m and -26 m. 369 

4 Discussion 370 

4.1 Structural modeling 371 

The general agreement of the forward modeled topographic surface and the MOLA 372 
observed surface (Fig. 7) is evidenced by the low median value (~3) and the dispersion of the 373 
data around it (quartile deviation of ~29 m). This quartile deviation represents 2.8% of the 374 
maximum relief associated with the main fault (1050 m), while it represents 6% of the maximum 375 
relief associated with the smallest modeled fault (Fault 5 Segment SE, 480 m). The uncertainties 376 
in the fault slip estimate that can cause the obtained quartile deviation of the modeled topography 377 
(29 m) are +/- 74 m for a the minimum modeled dip angle (23º) and +/- 53 m for the maximum 378 
modeled dip angle (33º) (the slip uncertainty can be obtained by the quartile deviation / sin 379 

being  the dip angle). These values show that our 3D model is a good approximation to the 380 
geometry and kinematics of thrust faults in the study area, which closely reproduces lobate scarp 381 
structural reliefs, nevertheless this model is a simplification, and some minor local differences 382 
can be observed due to modeling limitations and non-modeled geological processes.  383 

The modeling method presents some limitations when the propagating fault reaches the 384 
topographic surface (surface rupture). The trishear fault propagating folding ends at this point 385 
and the hanging wall continues its displacement over the footwall following a fault parallel flow 386 
movement. This, together with the presence of landslides and rockfalls due to the steep slope of 387 
the forelimb, hinder to fit the forelimb and the scarp base throughout the entire length of the 388 
structure, generating small misfits between the model and the original surface especially at the 389 
scarp bases. The building of the 3D fault planes has been performed idealizing them as a smooth 390 
surfaces, therefore the presence of probable irregularities along fault surfaces, which would 391 
influence the topography (Watkins et al., 2015), have not been taken into account. From this 392 
point of view, our model can be considered a first order approximation to the general 3D faulting 393 
framework. The tectonic transport direction has been set perpendicular to each fault strike, 394 
although Mueller et al. (2014) obtained a slip vector direction for Amenthes Rupes that deviates 395 
16º from pure dip-slip, by measuring the dislocation of a crater cut by the main fault, which 396 
would reflect a small strike-slip component of deformation. However, these authors claim that 397 
this estimate presents a significant error, because the half of the crater located on the hanging 398 
wall is affected by a subsequent crater, significantly reducing the amount of data involved in the 399 
calculation. Besides, an oblique slip generates surface geometries similar to those generated by 400 
dip-slip (Cristallini & Allmendinger, 2001), and an obliquity of the slip as low as 16º only results 401 
in a very slight changes in slip and trishear angle needed to fit the model. A pure dip-slip fault 402 
kinematics has been assumed for all the modeled faults with the slip vectors perpendicular to the 403 
average strike of fault traces, because the high sinuosity of the mapped lobate scarps (Fig. 1) and 404 
the lack of en-echelon patterns does not indicate an evident strike-slip component of 405 
deformation.  406 



 

The fault surfaces obtained in this study for the five analyzed faults show positive listric 407 
morphologies at depth (a decay of dip angle with depth, McClay and Ellis, 1987). Previous 408 
studies using the FMD method modeled the underlying fault of Amenthes Rupes, as well as other 409 
lobate scarps in Mars, as a rectangular planar fault (Egea-González et al., 2017; Herrero-Gil et 410 
al., 2019; Grott et al., 2007; Ruiz et al., 2008; Schultz & Watters, 2001), because this method 411 
does not provide results as good as when the model is made using non-planar morphologies 412 
(Schultz & Watters, 2001; Watters & Nimmo, 2010). A positive listric fault morphology was 413 
obtained by Mueller et al., (2014) for Amenthes Rupes and by Herrero-Gil et al., (2020) for 414 
Ogygis Rupes and its backthrusts, based on the relation between the fault propagation anticline 415 
topography and the fault plane characteristics (e.g. Amos et al., 2007; Cardozo & Brandemburg, 416 
2014; Ellis et al., 2004; Erslev, 1986; Seeber & Sorlien, 2000). On the contrary, a planar fault 417 
morphology that keeps its dip constant until the horizontal decollement would generate a 418 
backlimb with the same dip as the fault and abrupt limits (e.g. Amos et al., 2007; Brandemburg, 419 
2013; Hardy & Ford, 1997), which is not the case for any of the studied faults (Supporting 420 
information Figure S1).  421 

The dip angles obtained for the first kilometers of depth for the analyzed faults range 422 
between 27º and 33º (Table 1), except Fault 4 which presents a lower dip angle of 23º. These dip 423 
values are within the typical range calculated for reverse faults (20 35º) (e.g., Jaeger & Cook, 424 
1979; Stone, 1985; Watters & Nimmo, 2010). The lower dip of Fault 4 can be explained by 425 

426 
4 roots at a shallower depth indicating that it is subsidiary. Fault 4 can be passively transported 427 
by Fault 3 with a slight tilting due to its listric fault morphology at depth, causing the decreasing 428 
of its dip angle as Fault 3 slips (Ellis et al., 2004). 429 

The estimated slip distribution (Fig. 6) of the studied fault set, allows us to obtain an 430 
approximate value of the horizontal shortening in the area (Fig. 8) as a result of the NE-SW 431 
compressive stress that generated these structures. The listric geometry obtained for these faults 432 
at depth suggests that the slip on the fault ramps near the surface was transmitted by a horizontal 433 
slip of the same value along the decollement (Herrero-Gil et al., 2020). Thereby, the regional 434 
shortening related to Amenthes Rupes thrust fault system can be estimated by stacking the slips 435 
of the contractional faults in the area (Fig. 8). This value has been measured in the direction 436 
N36.6ºE, the mean dip azimuth of the studied faults (Fig. 4d) which is orthogonal to the mean 437 
strike value. The horizontal displacement presents a multimodal asymmetrical distribution 438 
characterized by 3 peaks of different value increasing notably towards the southeast. The 439 
northwestern peak is due to the contraction accommodated by the NW part of the main fault and 440 
the NW Segment of Fault 5. The horizontal slip corresponding to the central peak is due to the 441 
shortening generated by the slip of the central part of the main fault and the SE Segment of Fault 442 
5. The southeastern peak shows the largest shortening value of the total distribution (~5450 m) 443 
due to the combining of the slip values generated by faults 2, 3, 4 and the southern part of the 444 
main fault, which are mostly parallel in this area (Fig. 1). The analysis of the shortening 445 
distribution (Fig. 8) shows a main change in the amount of shortening at ~360 km from the NE. 446 
This point marks an abrupt increase of shortening towards the SE associated with the third 447 
described peak. The structural map (Fig. 1) reveals that faults 2, 3 and 4 appear to the SE of this 448 
diffuse limit, where Fault 5 ends. The largest shortening value abruptly decays to the southeast. 449 
In this area there are two minor faults (Fig. 1) not included in the modeling that distribute the slip 450 
of the Fault 3 to the south. These minor faults seem to have a shorter length due to the presence 451 
of a heavily cratered area affecting their traces (southeast corner Fig. 1), nevertheless these 452 



 

structures continue to the S-SE outside the study area with associated high relief, which reflects 453 
that the shortening continues along these faults although they are not included in this study. 454 

Therefore, the shortening associated with each fault is equal to the fault slip under the 455 
assumption that the slip is transmitted from the decollement due to the listric fault morphology at 456 
depth. This interpretation requires that the shortening estimates calculated using listric fault 457 
morphologies are larger than when the shortening is obtained from the horizontal component of 458 
the slip (heave) over a planar fault (from ~6% for a dip angle of 20º, up to ~30% for 40º) 459 
(Herrero-Gil et al., 2020). Consequently, the horizontal contraction that generated lobate scarps 460 
implies a shortening value up to ~30% larger than the estimates calculated from modeling the 461 
slip over a planar fault. 462 

The analysis of the calculated faulting depths presents a bimodal distribution, so, the 463 
obtained results can be grouped in two different depths (Table 1). The major faults of the area 464 
(the main fault, its splay Fault 2, and Fault 3), which are the longest, and uplift the widest and 465 
highest reliefs, root in a deep decollement level, that ranges in depth from 20 24 km. This depth 466 
value is within the range of depths of faulting calculated previously for the large faults 467 
underlying different lobate scarps formed in the Late Noachian/Early Hesperian spread across 468 
the highlands of Mars (Egea-González et al., 2017; Grott et al., 2007; Herrero-Gil et al., 2019, 469 
2020; Mueller et al., 2014; Ruiz et al., 2008; Schultz & Watters, 2001), supporting that this 470 
rooting level is not a regional rheological threshold. The depth of faulting of these large thrust 471 
faults has been considered as the BDT depth at the time of its formation (e.g. Ruiz et al., 2008, 472 
2009, 2011; Schultz & Watters, 2001), which corresponds to a change from localized failure to 473 
distributed failure (Byerlee, 1967, 1968; Rutter, 1986). On the other hand, Fault 4 and the two 474 
segments corresponding to Fault 5 present a modeled depth of faulting of 11 13 km, much 475 
shallower than the BDT where the large faults root. This bimodal distribution of depths shows 476 
the mechanical complexity of the crustal layers affected by faulting, indicating that the 477 
lithospheric brittle domain is not a homogeneous medium, but it probably presents 478 
heterogeneities such as mechanical discontinuities where subsidiary faults root.  479 

The results obtained in this study for the major faults in the area that root in a deep 480 
decollement (main fault forming Amenthes Rupes, Fault 2 and Fault 3) can be compared with the 481 
fault parameters estimates of previous works in Amenthes Rupes, which are focused in the main 482 
fault (Egea-González et al., 2017; Mueller et al., 2014; Ruiz et al., 2008; Schultz & Watters, 483 
2001) (Table 2). The slip value calculated for the main fault is within the range calculated by 484 
Ruiz et al., (2008), while is quite higher than the values calculated by other authors (Egea-485 
González et al., 2017; Mueller et al., 2014; Schultz & Watters, 2001). Fault 2 and Fault 3 are 486 
expected to present different slip values since they are different structures than the main fault. 487 
However, the depth of faulting of these faults in the area can be compared because it is expected 488 
that the BDT does not present large variations in such a small area during the same period of 489 
time. When we compare the depths of faulting of these 3 faults with previous works (Egea-490 
González et al., 2017; Mueller et al., 2014; Ruiz et al., 2008; Schultz & Watters, 2001), our 491 
estimates provide shallower values. The BDT is temperature and strain rate dependent (e.g. 492 
Artemieva, 2011; Ruiz et al, 2011). The shallower depth of the BDT deduced from our results 493 
suggests that the associated heat flow of the Amenthes Region at the time of lobate scarps 494 
formation could be somewhat higher than previous estimates. Faster deformation deepens the 495 
brittle domain of the crust. The strain rates calculated for the Amenthes thrust fault system 496 
(Schultz, 2003) are small (between 10-17 and 10-19 s-1) and comparable to intraplate tectonic 497 



 

settings on Earth; accordingly, large variations in the strain rate, affecting significantly the depth 498 
of the BDT, are not expected in this area. The dip values obtained are in the range of those 499 
previously calculated for Amenthes Rupes (19º 35º) (Egea-González et al., 2017; Ruiz et al., 500 
2008; Schultz & Watters, 2001), but away from the highest values obtained by Mueller et al., 501 
(2014). 502 

The trishear parameters obtained for the modeled faults (Table 1) are within the best-fit 503 
ranges calculated by Pei et al. (2014) through the analysis by trishear of several real structures on 504 
Earth. They stablished a P/S ratios ranging between 2 and 3 and trishear angles between 30º and 505 
100º. The main fault and Fault 3 present a P/S ratio of 3, coinciding with their larger dimensions 506 
and deeper depths of faulting. They also have in common a large trishear angle (80º 86º) 507 
showing that the folding occurs in a wide area that in main fault affects mainly the hanging wall, 508 
while in Fault 3 equally affects the hanging wall and the footwall. Fault 2 presents a trishear 509 
angle and its distribution similar to the main fault (Fault 2 is a splay of the main fault), with a P/S 510 
ratio of 2. Fault 4 and both segments of Fault 5 also have P/S ratios of 2, and variable trishear 511 
angles between 40º and 85º. The initial fault tip depth of SE Segment of Fault 5, comparing to its 512 
maximum slip, reflects that this fault does not break the topographic surface at the end of the 513 
forward modeling. The fault propagation is strongly linked with the fault slip distribution. This 514 
may imply that the surface rupture does not occur along the structure (blind thrust), or that it 515 
occurs at specific locations that usually match with the location of maxima in the slip 516 
distribution. 517 

The modeling of Fault 4 presented several challenges. The propagating fault tip of this 518 
fault at the end of the forward modeling does not reach the topographic surface, suggesting that 519 
this could be a blind fault. However, the large original topographic dimensions of this fault and 520 
its net scarp base observed in the MOLA topography and THEMIS images suggest a surface 521 
rupture at least in its central part. The scarp base and frontal syncline generated by Fault 4 522 
displacement are completely covered by a deposit of Amazonian-Hesperian smooth plains 523 
(Erkeling et al., 2011). Caprarelli et al. (2007) estimated the thickness of this geological unit by 524 
calculating the depth of the craters before the infilling. The high thickness of this resurfacing 525 
material (1 1.5 km) suggests that the relief uplifted by Fault 4 was initially much higher than the 526 
relief currently observed. Moreover, the backlimb Fault 4 propagation anticline is affected by 527 
two big impact craters postdating the fault displacement and by the presence of some wrinkle 528 
ridges (Fig. 1) parallel to Fault 3 and 4, which also affect the modeling results. These two large 529 
craters were also infilled by the same resurfacing unit. Therefore, the obtained slip for this fault 530 
is a minimum value and due to these observations other parameters of Fault 4 may also present 531 
additional uncertainties. 532 

4.2 Tectonic evolution and implications for global contraction  533 

Since Amenthes Rupes and its companion thrust faults are located in the highlands near 534 
the dichotomy boundary, their characteristics can give us information on the evolution of the 535 
boundary, at least locally. The faults forming the Amenthes Region thrust fault system all show 536 
similar strikes and kinematics (pure reverse faults), thus can be interpreted to be formed under 537 
the same compressive stress field with a shortening direction (N36.6ºE) perpendicular to their 538 
average strike (Fig. 4d). This agrees with the direction of the dichotomy boundary and with other 539 
lobate scarps in the adjoining Arabia Terra and Terra Cimmeria (Nimmo, 2005; Watters, 2003a; 540 
Watters & Robinson, 1999; Watters et al., 2007). 541 



 

Watters and Robinson (1999) calculated the horizontal shortening across Amenthes 542 
Rupes using the fault throw (lobate scarp relief), obtaining 1800 3400 m (corresponding with the 543 
heave on a planar fault), depending on the dip angle (assumed to be 20º 35º). The fault 544 
parameters obtained in the present 3D modeling also allow a constraint on the maximum 545 
shortening registered by Amenthes Rupes main fault, which is ~2100 m, assuming that the slip is 546 
transmitted from the decollement. The regional shortening distribution associated with the whole 547 
fault system (Fig. 8) suggests a maximum value in the southeastern of the thrust system of ~5450 548 
m which is well above the previously calculated range for this area (1800 3400 m), increasing 549 
the shortening estimates of the area between ~60 and ~200%. This difference in the shortening 550 
values is mainly due to the inclusion of secondary and subsidiary faults in our model that were 551 
not previously considered, and yet they accommodate ~62% of the maximum shortening in this 552 
area. Besides, there are other minor contractional structures identified in the area (Fig. 1), 553 
including minor thrust faults and wrinkle ridges, that have not been included in the model and 554 
they would increase this shortening calculation, especially in the southeastern half of the thrust 555 
fault system. Whereby the regional shortening estimated by our model (Fig. 8) is a minimum 556 
value. Previous global shortening estimates based on thrust faults (Nahm & Schultz, 2011) were 557 
performed using the dataset of faults of Knapmeyer et al., (2006). Although this structural 558 
mapping is quite exhaustive and extensive, the number of structures considered were 559 
significantly biased by the global scale of mapping, so the database did not contain all the 560 
subsidiary and minor faults present on Mars surface. Our study shows that the consideration of 561 
subsidiary faults, including backthrusts and fault splays, and independent secondary and minor 562 
faults in global calculations of contraction, would provide a significant increase of the global 563 
planetary shortening accommodated by thrust faulting.  564 

Although all the faults were generated during the same epoch, some relative time 565 
relationships can be deduced from structural cross-cut evidence, providing information on the 566 
evolution of the fault system. Fault 2 is a splay of the main fault indicating that the slip of main 567 
fault is progressively accommodated by Fault 2 towards the SE. This kinematic link between 568 
both faults, which root at the same decollement, suggests that they could have been active at the 569 
same time. The main fault and Fault 2 traces are slightly displaced by Fault 3 slip, indicating 570 
that, although the activity of these faults could be contemporary, the last movement belongs to 571 
Fault 3 (backthrust). Fault 4 is a subsidiary antithetic fault with respect to Fault 3, consequently 572 
both faults are probably contemporary. Fault 5 does not intersect other faults so it is not possible 573 
to deduce its place in the formation order.  574 

A general tectonic evolution of the contraction that generated the lobate scarps in the 575 
Amenthes Region can be outlined according to the described cross-cutting constraints and the 576 
horizontal slip distribution of Fig. 8. Initially, the compressional stress field generated a 577 
homogeneous shortening in the area associated with the main fault, Fault 2 and probably Fault 5. 578 
Later, the contraction continued in the SE region of the study area with the generation of Fault 3 579 
and its subsidiary Fault 4 which significantly increases the total shortening in this sector 580 
(maximum peak shown in Fig. 8), propagating deformation towards the SW with respect to the 581 
main fault and its splay (Fig. 1). This assumption that the deformation shifts and continues to the 582 
southeast agrees with previous observations that the lobate scarps on Terra Cimmeria, located 583 
~500 km southeast of the studied fault system, deform geological units from the early Hesperian, 584 
which indicates that their formation continued during that age (Greeley & Guest, 1987; Watters 585 
& Robinson, 1999; Watters et al., 2007). These observations can be representative of the 586 
evolution pattern of the deformation that modified this part of the dichotomy boundary in the 587 



 

Late Noachian/Early Hesperian, which implies a shortening recorded by thrust faults that is more 588 
than double of previous estimates if the calculation includes subsidiary and secondary faults. 589 

 590 

5 Conclusions 591 

Five thrust faults forming the Amenthes thrust fault system, which is located in the 592 
Amenthes Region, have been modeled though a combination of trishear and fault parallel flow 593 
by 3D forward modeling. All the modeled fault surfaces show listric geometries at depth 594 
constrained by the low slopes of the fault propagation anticline backlimbs and by the width of 595 
the trailing syncline. The obtained depths of faulting of the major faults present in the fault 596 
system suggest a depth of the BDT of 20 24 km at the time of formation in the Late 597 
Noachian/Early Hesperian, a value shallower than previous estimates. A possible mechanical 598 
discontinuity in the lithosphere located at 10.5 13 km of depth can be deduced from the depths 599 
of faulting of secondary faults. The estimated horizontal shortening accumulated by the thrust 600 
system ranges between 2000 and 3000 m, increasing towards the SE part of the study area to a 601 
maximum shortening value of ~5450 m. This value represents an increase in the maximum 602 
regional shortening registered by thrust faults of between 60 and 200% higher than previous 603 
estimates, due to the consideration of subsidiary and secondary faults. The contribution of minor, 604 
secondary and subsidiary faults to the planetary contraction could provide a significant increase 605 
of martian global shortening. 606 
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Table 1.   
Compilation of structural parameters calculated for the studied Amenthes Region faults.   
 Fault parameters Trishear parameters 
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NE 

23.5
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1300 85 71.5 13.5 2 -1180 

Fault 3 
(backthrust
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220 900 N138
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SW 
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22.5 

1600 80 40 40 3 -2100 

Fault 4 126 800 N125
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23 
NE 

13 1720 44 28.5 15.5 
 

2 -2700 
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180 600 N122
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28 
NE 
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1100 85 33 52 
 

2 -940 
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SE 
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27.5 
NE 

9.5 11 1000 60 42 18 
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Table 2.  
Fault parameters obtained in different studies performed on Amenthes Rupes. 
 Maximum slip (m) Dip angle (º) Depth of faulting 

(km) 
Amenthes Rupes  
(Schultz & Watters, 2001) 

1500 25 30 25 30 

Amenthes Rupes  
(Ruiz et al., 2008) 

1900 2300 19 24 27 35 

Amenthes Rupes  
(Mueller et al., 2014) 

1170 1440 41.5 56.1 33 48 

Amenthes Rupes  
(Egea González et al., 2017) 

1500 2000 20 35 27 33 

Amenthes Rupes  
(This study) 

2100 27 28 20 24 

Amenthes Region-Fault 2  
(This study) 

1300 29.5 23.5 24 

Amenthes Region- Fault 3  
(This study) 

1600    31 33 21.5 22.5 
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Figure 1. Structural map of the study area of Amenthes Region. The base map is made by 827 
combining a MOLA model (DEM) over a THEMIS-IR Day image. The thrust faults included in 828 
the modeling are colored in red. The inset globe shows the location of the study area.  829 

Figure 2. Schematic representation of trishear method (based on Hardy & Ford, 1997; Zehnder 830 
& Allmendinger, 2000). The area colored in grey is the trishear area and it is defined by the 831 

1 2). The 832 
propagating fault tip is marked in blue. The velocity of the hanging wall relative to the footwall 833 
is marked by a grey slip vector, decreasing from top to bottom inside the trishear area.  834 

Figure 3. a. Original MOLA surface over a THEMIS-IR Day image of the studied area. b. 835 
Restored topographic surface where the uplifts present in the original MOLA model, which are 836 
related to the studied thrust faults, have been removed.  837 

Figure 4. a. Perspective of the 3D model of the studied area where MOLA topographic surface 838 
has been hidden southeastern from the profile A-839 
main fault, Fault 2, Fault 3 and Fault 4. b. Cross section A-840 
the faults. c. Perspective of the 3D model where the MOLA surface has been hidden southeastern 841 
from the profile B- d. Rose diagram 842 
representing the dip azimuth of the 3D fault planes included in the modeling. The mean dip 843 
azimuth (N36.6ºE) is shown with a black arrow. e. Cross section B-844 
strike of the studied faults.  845 

Figure 5. a. Colored topographic surface used as a base for the forward modeling procedure 846 
where the uplifts associated with the slip of the thrust faults have been removed together with the 847 
craters in the area. b. Topographic surface resulting from the 3D forward modeling, where the 848 
original MOLA surface is reproduced from the 5.a. surface. 849 

Figure 6. Lengthwise profile of the Amenthes thrust fault system showing the slip distribution 850 
obtained for each of the five faults included in the modeling. 851 

Figure 7. Absolute elevation difference between the original MOLA topographic surface and the 852 
model obtained from the 3D forward modeling. Perfect fit between the model and the observed 853 
topography is represented by zero values.  854 

Figure 8. Representation of the total horizontal shortening estimate in a lengthwise profile 855 
orthogonal to the general shortening direction, which corresponds with the mean strike of the 856 
fault system (N126.6ºE). 857 
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