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Introduction: Lobate scarps are straight to curvi-

linear positive-relief landforms that occur on all terres-
trial bodies [e.g., 1-3]. They are the surface manifesta-
tion of thrust faults that cut through and offset the 
upper part of the crust. On Earth, the preservation 
potential of fault scarps is low because they are rather 
quickly eroded, even in arid regions [e.g., 4]. Thus, 
well-preserved thrust-fault scarps on Earth for which 
displacements can be quantified from topographic 
profiles have ages of at most a few hundred thousand 
years [e.g., 5,6]. In contrast, fault scarps on Mars, 
Mercury, and the Moon can be preserved for hundreds 
of millions or even billions of years, because the ab-
sence of a substantial atmosphere results in extremely 
low erosion rates [e.g., 7-9]. Hence, fault scarps on 
planetary surfaces provide the opportunity to study the 
growth of faults under a wide range of environmental 
conditions (e.g., gravity, temperature, pore pressure) 
[10].  

Results: We calculated vertical displacements 
along four lunar thrust-fault scarps (Simpelius-1, Mo-
rozov (S1), Fowler, Racah X-1) ranging in length from 
1.3 km to 15.4 km [11]. As shown in Fig. 1, the maxi-
mum total displacements of the four studied thrust 
faults follow a linear increase with length over one 
order of magnitude.  

 
Fig. 1: D/L ratios for the studied faults, together with two 
additional fault data sets from the Moon [12,13]. A linear 
regression through our data yields a D/L ratio of 0.023 (or 
2.3%). Total displacements for the faults from all three data 
sets were calculated assuming a fault dip of 30°. 

 
Following previous interpretations of fault dis-

placement data sets [e.g., 14-18], we interpret this 
relationship to indicate that during the progressive 
accumulation of slip, lunar faults propagate laterally 
and increase in length. For the studied faults, the ratio 

of maximum displacement, D, to fault length, L, ranges 
from 0.017 to 0.028 with a mean value of ~0.023 (or 
2.3%) (Fig. 1). This is an order of magnitude higher 
than the value of ~0.1% derived by theoretical consid-
erations [10], and about twice as large as the value of 
~0.012-0.013 estimated by [12,13]. Our results, in 
addition to recently published findings for other lunar 
scarps [2,19], indicate that the D/L ratios of lunar 
thrust faults are similar to those of faults on Mercury 
and Mars (e.g., 1, 20-22], and almost as high as the 
average D/L ratio of ~3% for faults on Earth [16,23]. 

Our analysis of topographic profiles indicates that 
three of the studied thrust fault scarps (Simpelius-1,  
Morozov (S1), Fowler) are uphill-facing scarps gener-
ated by slip on faults that dip in the same direction as 
the local topography. Thrust faults with such a geome-
try are quite common (~60% of 97 studied scarps) on 
the Moon [e.g., 2,11,13]. To test our hypothesis that 
the surface topography controls the vertical load on a 
fault plane and, hence, plays an important role in the 
formation of uphill-facing fault scarps, we simulated 
thrust faulting and its relation to topography with two-
dimensional finite-element models using the commer-
cial code ABAQUS (version 6.14). The models consist 
of an elastic crust, which is shortened by a velocity 
boundary condition applied at both model sides to 
simulate horizontal shortening induced by long-term 
cooling of the lunar interior (Fig. 2). Our model results 
indicate that the onset of faulting in our 200-km-long 
model is a function of the surface topography (Fig. 2b) 
[11]. Thrust fault 1, which dips in the same general 
direction as the topography (and which forms an up-
hill-facing scarp), starts to slip 4.2 Ma after the onset 
of shortening and reaches a total slip (i.e., the vector 
sum of the throw and the heave) of 5.8 m after 70 Ma 
(Fig. 2b). In contrast, slip on fault 2 (which leads to the 
generation of a downhill-facing scarp) initiates much 
later (i.e., after 20 Ma of elapsed model time) and 
attains a total slip of only 1.8 m in 70 Ma (Fig. 2b). If 
the surface of the model is horizontal, faulting on both 
structures starts after 4.4 Ma, but faulting proceeds at a 
lower rate than for fault 1, which generated the uphill-
facing scarp. Although the absolute ages for fault initi-
ation (as well as the total fault slip) depend on the 
arbitrarily chosen shortening rate (as well as on the 
size of the model and the elastic parameters), this rela-
tive timing of fault activation was consistently ob-
served irrespective of the chosen shortening rate. Thus, 
the model results demonstrate that, for all other factors 
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being equal, the differing weight of the hanging wall 
above the two modeled faults is responsible for the 
different timing of fault initiation, as well as the differ-
ence in total slip. 

 
Fig. 2: Model setup and results of our finite-element analy-
sis. (a) Geometry and parameters of the model (ρ density, E 
Young's modulus, µ friction coefficient; v velocity, g acceler-
ation due to gravity). A velocity boundary condition was 
applied at both sides to shorten the model in the x-direction. 
The model sides were free to move in the z-direction; the 
model bottom was free to move in the x-direction but was 
fixed in the z-direction. (b) Fault slip histories derived from 
the models. In the case of a horizontal model surface, both 
faults show the same intermediate slip evolution (grey and 
dashed black curves). 

 
Our model results indicate that uphill-facing scarps 

on the Moon preferentially form in areas where the 
topography is not flat. To illustrate the state of stress 
that controls the initiation of faulting for different 
topographic slopes, we present a Mohr circle analysis 
of the problem (Fig. 3). To initiate faulting on a poten-
tial failure plane, the Mohr circle (i.e., the differential 
stress) needs to be large enough to touch the Mohr-
Coulomb failure envelope (Fig. 3). This is illustrated 
for a point, P, located on a potential thrust fault below 
a horizontal (Fig. 3a) and two dipping surfaces (Fig. 3b 
and c), respectively. For thrust faulting to occur, σ1 
must be horizontal and σ3 vertical [e.g., 11,24]. In Fig. 
3a the differential stress at point P is not high enough 
to cause failure beneath a horizontal surface for rocks 
with a given set of mechanical properties. However, 
for a surface that dips in the same direction as the 
potential fault plane, the overburden and hence the 
vertical principal stress σ3 at point P is reduced, which 
increases the Mohr circle diameter, possibly to the 
point of fault initiation in rocks with identical mechan-
ical properties (Fig. 3b). Beneath a surface that dips in 
the opposite direction as the potential fault plane, the 
minimum principal stress σ3 is larger and the Mohr 

circle is thus smaller and moves away from the failure 
envelope, which suppresses faulting (Fig. 3c). This 
analysis provides a dynamical basis for how thrust 
faults with uphill-facing scarps form on the Moon. 

 
Fig. 3: Schematic sketches and Mohr diagrams for stress 
illustrating the state of stress at point P on a potential thrust-
fault plane beneath horizontal (a) and dipping (b, c) surfac-
es. σ1 and σ3 are the maximum and minimum principal 
stresses, respectively. (a) thrust fault beneath a horizontal 
surface. (b) fault plane that dips in the same direction as the 
surface. (c) fault plane that dips in the opposite direction as 
the surface. 
 

Conclusions: We quantified the maximum dis-
placement of four thrust-fault scarps on the Moon with 
a series of topographic profiles, from which we evalu-
ated the along-strike variations in fault slip. Such 
measurements were not possible prior to the LRO 
mission, which has provided NAC-derived terrain 
models of unprecedented spatial resolution. Our inves-
tigation of these lunar scarps indicates that the ratio of 
maximum displacement to fault length is ~0.023, and 
is thus similar to terrestrial faults. This result needs to 
be taken into account in lunar tectonic studies includ-
ing, for example, when attempting to quantify the 
magnitude of the Moon´s global contraction using fault 
scaling relations. The formation of uphill-facing scarps 
requires less energy than do downhill-facing scarps. 
Our numerical model indicates that uphill-facing 
scarps form earlier and grow faster than downhill-
facing scarps under otherwise similar conditions.  
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