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 Introduction: According to the models of Wilson 

and Head (2015) [1] and Ramsley and Head (2019) [2], 

grooves on Phobos (the innermost moon of Mars) were 

produced by rolling boulders in a non-intuitive mobiliza-

tion process combining local and martian gravity, centrif-

ugal planetary rotation, regional geomorphology, boulder 

velocities, and boulder motion vectors [3-5]. Surface mo-

bilizations of boulders on small bodies take place at low 

velocities (typically ≲ 8 m/s on Phobos [2]), and unlike 

surface motions on a major planet where gravity is uni-

formly strong and the effect of surface motion on local 

gravity is negligible, the motion of a rolling boulder on 

Phobos often combines with variable conditions to sub-

stantially alter the acceleration effect of local gravitation. 

For this reason, when we predict the extent of a rolling 

boulder's surface contact within a crater (continuous, par-

tial, or no contact at all), we include non-intuitive contri-

butions to the force of local gravitation in our model. 

Regional gravity and rotational dynamics on Phobos 

vary widely. For example, polar regions have lower ele-

vations and are less affected by rotational centrifugal ac-

celeration. As a consequence, present-day Phobos polar 

gravity is ~0.009 m/s2 (~1/1,000th of gravity on Earth). 

At the opposite extreme, gravitation on the eastern rim of 

Stickney Crater (located on the Phobos equator, Fig 1) is 

partly negated by a higher elevation and greater centrifu-

gal force that limits downward acceleration to only 

0.0032 m/s2 (~1/3,000th of gravity on Earth). In fact, a 

boulder that exits Stickney from its eastern rim requires 

only 4.2 m/s of ground velocity to produce a trajectory 

that reaches an orbital velocity around Phobos. Counter-

intuitively, the same boulder rolling from the western rim 

of Stickney (from a slightly lower elevation in a direction 

that works against the rotation of Phobos) requires 10.4 

m/s of ground velocity to reach an orbital velocity. 

 In comparison to Phobos-centric dynamics (local 

gravity, planetary rotation, and the motion of boulders), 

martian gravity has little effect on the traveling trajecto-

ries of boulders. Conversely, objects that reach an orbital 

velocity around Phobos are perturbed by martian gravity 

and exit to orbits around Mars [5]. 

Testing Method: When predicting the motion of a 

boulder that rolls into a Phobos crater, each case is 

unique. In view of this, we have constructed a flexible 

math model to study the motion of boulders that roll into 

any crater, at any location, with any velocity and azimuth, 

on any planetary body where gravitation, spin rate, and 

topography are known. Our model predicts where a 

boulder's trajectory intersects a crater's interior. How-

ever, we defer to Wilson and Head (2015) [1] to address 

questions of how rolling boulders D 100-500 m interact 

with the Phobos regolith and counterintuitively travel 

substantial distances across the surface of Phobos. 

In our testing, a boulder approaches the rim of a Pho-

bos crater with an azimuth that aligns with a groove that 

passes through the crater. To assess the extent of rolling 

boulder contact within the crater, our model plots the 

free-flight trajectory of the boulder as it travels from the 

crater rim. We test a variety of initial boulder velocities 

and plot sets of free-flying ballistic trajectories of boulder 

flights. We then overlay these plots in alignment with the 

topographical profile of the crater (Figs 2, 3). 

A boulder motion plot with an initial rolling velocity 

that traces a path above a crater suggests a trajectory that 

does not engage the crater to produce a groove at this lo-

cation, whereas a trajectory that traces a path below the 

crater's surface implies a boulder trajectory that would 

engage the crater at this location. To illustrate the model-

ing process, we include results from the study of two cra-

ters – Stickney, D ~9 km and Clustril, D ~3.4 km (Fig 1). 

 

 
 

Fig 1 indicates craters that are modeled in Figs 2 and 3. Stickney D 

9 km, 1° N 49° W and Clustril D 3.4 km, 60° N 91° W. 
 

We focus on the motion of boulders from the point 

where they begin to roll into a crater. However, external 

terrain is often non-horizontal and the crater rim may be 

raised. To compensate for local terrain and how it might 

alter the initial vertical motion vector of a boulder when 

it enters a crater, our model aligns initial boulder motion 

to the non-horizontal geomorphology of local terrain and 

the elevation and curvature of the crater rim.  

Boulders likely rolled on the surface of Phobos in the 

geological past when Phobos orbited around Mars at a 

higher altitude with a tidally-locked rotational period that 

was longer than the present day [6]. Consequently, our 

model is able to test the rolling motion of boulders at any 

orbital altitude that corresponds to a past or future tidally-

evolved orbit of Phobos – flexibility that allows us to 

study the motion of boulders in the past when they em-

placed the grooves [1, 2]. 
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Fig 2. Boulders enter Clustril Crater with a range of velocities (1-6 m/s). Initial velocities of ≲ 3 m/s suggest continuous contact with the 

crater interior. Velocities ~3-6 m/s suggest partial contact with the crater. Where boulder motions are north and south, the N/S boulder 

vectors do not substantially combine with the rotation of Phobos to modify local gravitation, and this present-day model is consistent with 

longer rotational periods of Phobos at previously higher orbital altitudes [6]. Clustril Crater profile from Basilevsky et al. (2014) [7]. 

  

 
Fig 3. (Present-day orbit of Phobos). Unlike Fig 2, eastward boulder velocities combine with the local angular rotational velocity of Phobos 

to reduce the accelerating effects of local gravitation. Conversely, westward boulder velocities partly negate the local angular rotational 

velocity of Phobos and boulders fall more rapidly. Stickney Crater profile from Basilevsky et al. (2014) [7]. 

 
 

 Results and Discussion: According to our model 

(consistent with the model of Wilson and Head (2015) 

[1]), the slowest rolling boulder velocities on Phobos 

tend to remain in contact with surface features, faster roll-

ing boulders tend to episodically engage the surface, and 

the fastest rolling velocities tend to overfly most surface 

features. 

Nevertheless, generalizations fail to properly describe 

the motions of boulders in specific instances, and our 

testing suggests that contact with a crater's interior (con-

tinuous, partial, or entirely overflying the crater) is influ-

enced by a non-intuitive combination of boulder veloci-

ties and azimuths, Phobos and martian gravitation, varia-

tions in latitude and longitude, local elevations and to-

pography – and over geological time – differences in the 

altitude and rotational rate of Phobos. 

Consequently, predicting whether a rolling boulder 

produces a continuous groove, partial groove, or no 

groove at all when rolling through a crater – all geomor-

phological and dynamic factors must be modeled as a 

unified system. 

In order to produce a global velocity map of rolling 

boulders across the surface of Phobos, further studies will 

set limits on boulder velocities that are consistent with 

observed grooves through craters of all sizes, depth/di-

ameter ratios, degradation states, and locations. 
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