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Introduction: The extensive network of parallel 

grooves found on the surface of Phobos, a small 
satellite of Mars, are thought to be structural features 
linked to tidal stresses [1–4]. Stress modeling indicates 
that diurnal tides on a weak two-layer Phobos will 
produce tensile stresses large enough to overcome the 
yield strength of the body, producing mode I fractures 
and graben-like linear structures with topographically 
low central axes [3,4]. Cyclic diurnal tides are 
presumed responsible for observed strike-slip offsets 
on other tidally stressed bodies, such as Europa and 
Enceladus [5–7], however the horizontal shear stress 
regime for Phobos has not yet been addressed.  

To investigate this problem, we first produce a 
simple stress model to identify regions on Phobos 
where we might expect either dextral or sinistral net 
offset along strike of mapped grooves. We then 
investigate these regions geologically by identifying 
and mapping key groove morphologies (ridge and 
trough structure, possible offset features across 
grooves and en échelon features) with Mars 
Reconnaissance Orbiter and Mars Express images. 
Finally, we present a scaled analogue experiment to 
simulate the tectonic environment and analyze the 

kinematic evolution of horizontal shear at Phobos 
surface and near surface.  

Summary of Results: Stress Model – Our tidal 
stress model predicts the surface stress field as a 
function of orbital parameters and the Love numbers, h 
and l for an incompressible elastic Phobos. We adopt 
the two-layer interior structure from [4] to find Love 
numbers h = 0.022 and l = 0.006. We then compare the 
diurnal normal and shear stresses in a network of 
surface locations to identify regions in which we 
expect either dextral or sinistral displacements. The 

model idealizes the interaction of normal and shear 
stresses, after the ‘tidal walking’ model in which 
fractures only slip horizontally if they are 
simultaneously in extension [5]. Results from the 
model suggest that some grooves should exhibit strike-
slip displacement, although the model does not 
currently predict the slip magnitude (Figure 1).  

Geologic Observations – We use our stress model 
to identify regions where along-strike displacement is 
expected for grooves on the surface and map geologic 
and geomorphic relationships of the grooves. As with 
previous investigations [8,9], no definitive lateral 
offsets were identified in our examination of Phobos’ 
surface. However, we do note that many grooves 
possess strike-parallel raised ridges (Figure 2), which 
bear morphological similarity to features formed 
during cyclic bidirectional shear experiments 
simulating Europan conditions [11,12]. Ridges are 

Figure 1. Resolved stress plot for a groove oriented 
100º (counterclockwise from E-W) at 30º N, 135º W 
as a function of time over one orbit. Positive y-axis 
values are tensile and sinistral for normal (blue line) 
and shear (red line) stresses, respectively. Shaded 
region indicates the active horizontal slip period and 
the black vertical line marks time at which normal 
stress becomes compressive and lateral slip ceases. 
The sense of slip pictured here is right lateral.  
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Figure 2. Groove 
flanking ridges on 
Phobos (white 
arrows). Ridges 
are < 30 m tall and 
≤ 50 m wide, 
while grooves are 
90-100 m wide 
[13]. Portion of 
Mars Express 
HRSC image 5889 
(ESA/DLR/FUB). 
Illumination is 
from the right. 
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typically ≤ 50 m wide tend to be intermittent along 
strike (Figure 2).  

Experimental Model – To further test the formation 
and evolution of horizontal shear resulting from cyclic 
tidal stresses, we perform scaled experiments using a 
tectonic deformation table located in the Laboratory 
for Analogue Modeling of Planetary Surface 
(LAMPS). The apparatus is comprised of two rigid 
aluminum base plates driven by a stepped gear motor 
that shear in parallel. For each experiment, we use dry 
ground walnut shells, scaling them to Phobos’ 
environmental conditions using the equation 
C*=µ*ρ*g* λ *, where C is cohesion, ρ is density, λ is 
length, µ is the coefficient of friction, and * denotes 
model-to-nature ratio. The resultant scaling is 1 cm 
(model) to 1 km (Phobos). The magnitudes of slip are 
varied across experiments.  

Cyclic horizontal shear deformation of a 2 cm layer 
run at a velocity of ~ 1 mm/min results in the 
formation of thin, shallow linear to curvilinear fault 
traces above the underlying primary fault (where the 
base plates meet below the modeling material). Fault 
flanking features were subtle in the vertical direction, 
with image shading and real-time observations 
suggesting minor ridges (< 1 mm; Figure 3). The small 
vertical relief is due to the low specific gravity and 
cohesion values of the ground walnut shells, which 
precludes vertical exaggeration without compressive 
stress. This type of behavior may be akin to that 
expected for materials in low gravity environments 
[12]. Regardless of slip magnitude or total net offset, 
none of the experiments produced observable lateral 
displacements during the deformation process.  

The grooves on the surface of Phobos have 
morphologic and geometric similarity to those 
produced during our experiments. First, the fault traces 
were 1-2 mm wide, which consistently scales to 100-
200 m on Phobos. Second, both Phobos and the 
experiments exhibit shallow fault traces [Figures 2 and 

3; 2,8,13]. Finally, the height, width and general 
intermittent geomorphology of ridges in the 
experiments is consistent with groove flanking ridges 
observed on Phobos. 

Discussion and Conclusions: Our stress model 
predicts the locations of expected strike-slip 
displacement on the surface of Phobos’ along its 
extensive set of grooves. However, previous [8,13] and 
follow up geologic investigations of the surface do not 
show discernible offsets. This may be due to the 
inability to resolve small-scale offsets in Mars Express 
images. Alternatively, we suggest that strike-slip faults 
may be form below the surface but are obscured by the 
overlying cohesive regolith layer [4], which is 
consistent with our analogue experiments failing to 
exhibit lateral offsets (regardless of slip magnitude and 
net offset) during their formation and evolution 
process.   

Because Phobos is a potential target for future 
lander missions, it is crucial to understand its tectonic 
environment and potential hazards posed by ongoing 
deformation. Furthermore, horizontal shear may 
present more deformation potential than vertical 
motion because it is independent of normal force, 
meaning that low angles of internal friction will not 
prevent slip as they do for normal faults [14]. Here, we 
have shown that strike-slip faulting may be occurring 
despite its apparent absence on the surface of the 
Martian satellite.  Ongoing work is aimed at producing 
a more realistic stress model and analyzing sequential 
high resolution of regions to determine if any surface 
changes are visible over short timescales in order to 
evaluate strike-slip deformation further.  
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Figure 3. Example of a cyclic ‘tidal’ horizontal shear 
analogue experiment in ground walnut shells. Arrows 
mark central topographically low fracture (white) and 
examples of intermittent raised flanks similar to those 
observed along Phobos’ grooves (black). Image is ~ 6 
cm across. Illumination is from the top right. 
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