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a b s t r a c t

We derived crater production functions and chronology functions of Phobos for two scenarios, which
likely represent the end-members of its dynamical evolution. Case A assumes that Phobos has been in its
current orbit about Mars since its formation. Case B assumes a recent capture of Phobos and the impact
history of an average Main Belt Asteroid. We determined the age of an average surface to the west of the
Stickney crater and of the interior of the Stickney crater. The results indicate (i) the formation or major
collision of Phobos about 4.3 Ga (Case A) or 3.5 Ga (Case B) ago, (ii) the Stickney crater is about 4.2 Ga
(Case A) or 2.6 Ga (Case B) old and (iii) grooves probably formed between 3.1 and 3.8 Ga (Case A) or 44
and 340 Ma (Case B). Thus, Stickney seems to be older than the investigated grooves on Phobos.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Phobos is the inner and larger one of the two natural satellites
of Mars. The origin of Phobos is rather uncertain. Its shape,
spectral characteristics and density is similar to primitive C-type
asteroids (Jones et al., 1990). Therefore, it was proposed that
Phobos had its origin in the middle or outer asteroid Main Belt
(Veverka et al., 1978). However, it is dynamically difficult to
explain how asteroids might permanently be captured into an
orbit about Mars. It has, thus alternatively been proposed that
Phobos accreted in-situ and has been in orbit about Mars ever
since (e.g. Giuranna et al., 2011). In its current orbit inside the
classical Roche limit of Mars (e.g. Bills et al., 2005), Phobos is
exposed to relatively strong tidal forces which force the satellite
into a locked rotation. In conjunction with its small but non-zero
eccentricity Phobos also experiences some dynamical friction due
to libration oscillations of about 51 about its synchronous position,
suggesting the current orbit of Phobos is not stable and it will
probably move closer to Mars in the future and might even crash
or disintegrate within 30–50 Ma (Burns, 1978). This estimate is
considered to be an upper bound by other authors (Bills et al.,
2005). However, this also implies that Phobos was in a higher orbit

in the past. From tidal dynamics it can be deduced that there is a
high probability that Phobos' initial orbit was inside the Mars –

synchronous orbit. Otherwise it would have enlarged its orbit due
to the tidal interaction similarly to Deimos or the Earth's moon
(e.g. Hamelin, 2011). Burns (1978) gives a detailed view of the
celestial dynamics of Deimos and Phobos.

Given these uncertainties of the dynamic history of Phobos we
developed chronologies for two end-member scenarios for the
possible dynamical past of Phobos. One chronology assumes that
Phobos has been in its current orbit since its formation (Case A).
The other case assumes that Phobos was captured into its current
orbit about Mars recently (Case B). The actual past of Phobos is
possibly somewhere in between these two extreme cases. The two
cases we present here differ somewhat in average impact velo-
cities, impact rates as well as the cratering geometry. Impact
velocities are higher in Case A (�8.5 km/s; Case B: �5 km/s)
resulting in larger craters with respect to the same projectile size.
Due to projectile–crater scaling relations, the different impact
velocities result in slightly different shapes of the crater produc-
tion function, although both are derived from the lunar case. The
different impact velocities and the respective differences in crater
scaling in addition to variations in collision frequencies inside the
Main Belt vs. collision frequencies at Mars result in formation rates
of craters Z1 km about 76 times higher in Case B compared to
Case A. Furthermore, for a Main Belt asteroid we would expect an
isotropic crater distribution, while Phobos in its current orbit with
locked rotation may show a slight asymmetry in crater frequencies
between its leading and trailing sides. We test this hypothesis by
comparing crater frequencies measured on the leading and trailing
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hemisphere of Phobos. If Phobos has been in its current orbit
about Mars for a long time i.e. since Mars has formed, it could be
expected that its crater size–frequency distribution (SFD) is more
similar to the crater production function of Case A, the oldest
surface ages may date back as far as the formation of Mars
(�4.5 Ga) and we would expect a crater density asymmetry
between the leading and trailing hemispheres. If instead Phobos
is a recently captured asteroid, it would be expected that its crater
distribution follows closer to the Case B crater production func-
tion, the oldest surface ages are somewhat younger than Mars'
formation and no asymmetry is visible between leading and
trailing hemispheres.

Processes which could cause a resurfacing on asteroid-like
bodies are for example global and local jolting (Greenberg et al.,
1994, 1996), seismic shaking due to neighboring impacts
(Richardson et al., 2004, 2005), ejecta blanketing (Cintala et al.,
1978) and mass wasting of surface regolith at slopes along the
gravitational potential (e.g. Jaumann et al., 2012; Otto et al., 2013),
which on small bodies in superposition with tidal and possibly
coriolis forces are not necessarily equivalent to topographic slopes
(Davis et al., 1981; Hamelin, 2011; Willner et al., 2013). On small
bodies such as Phobos seismic shaking may be the dominant
process of crater degradation compared to ejecta blanketing
(Thomas and Robinson, 2005). Crater degradation induced by
seismic shaking e.g. by impacts also appears to be influenced by
surface gravity, in a way that it becomes more localized with
increasing surface gravity (Richardson, 2013). The low density of
Phobos (Willner et al., 2010) as well as the existence of relatively
large craters such as Stickney may imply a significantly shattered
or fractured interior of Phobos. Considering its low altitude inside
the Roche limit of Mars and the non-zero eccentricity of Phobos'
orbit, the body might have experienced increasing dynamical
stress with decreasing altitude, leading to some kind of tidally
induced jolting (e.g. Pollack and Burns, 1977; Soter and Harris,
1977). Such processes could also lead to crater degradation at the
surface, if the surface regolith is mobilized. The process forming
the grooves on Phobos' surface should have had an impact on the
pre-existing cratering record, since it evidently modifies the
surface topography. A collection of various groove formation
scenarios is given for example by Hamelin (2011). One interesting
formation scenario is detailed in Murray et al. (1994) and Murray
and Heggie (2014), where ejecta from Mars impact Phobos with
specific geometries and statistics that might provide more infor-
mation on Phobos' history. For instance, they require about 300
craters on Mars with diameters Z100 km in order to explain all
the grooves on Phobos. The crater chronology for Mars (Ivanov,
2001) provides a time range of roughly 3.9 Ga in which the most
recent of such craters formed, with about 90% being older than
3 Ga. Thus, in this model virtually all grooves formed more than
3 Ga ago. This would also imply that Phobos has been in a locked
rotation about Mars since about 3.9 Ga.

Earlier work on the cratering record of Phobos was published
by e.g. Thomas and Veverka (1977, 1980). Among their notable
results were I) the finding of a crater equilibrium distribution
above a crater diameter of 1 km, II) the oldest surface of Phobos is
about 4 Ga old, III) the grooves are not recent formations, and IV)
Stickney has an age similar to the grooves. In the summary we will
compare our results with theirs.

2. Methodology

2.1. Measurements of crater size–frequency distributions

Crater diameters presented in this work were measured on a
Phobos basemap based on HRSC imaging data (Wählisch et al., 2010)

and a higher resolution HRSC image of Stickney (h3769_004) with
a ground resolution of about 8 m/pixel. This image was taken with
the super resolution channel of the HRSC camera system (Jaumann
et al., 2007) and projected on a spherical reference body with
22.2 km diameter (Willner et al., 2010). For the mapping we used
ArcGIS and the CraterTools Plug-in by Kneissl et al. (2011).

2.2. Interpretation of crater distributions

Following the Crater Analysis Techniques Working Group et al.
(1979), we fit the crater production function of Phobos to the
crater distribution we measured within a counting area, which
was outlined to enclose a relatively homogeneous geologic unit
using procedures outlined in earlier work (e.g. Baldwin, 1964;
Neukum, 1984; Michael and Neukum, 2010). The quoted errors of
model ages quantify only the statistical error of the random
cratering process but not that of the model calibration. In case
an area for crater counting was exposed to resurfacing processes,
those should have worked across the whole area homogeneously
in order to derive useful crater statistics. Resurfacing processes
affect small craters to a higher degree than larger ones, resulting in
kinks in the observed crater distribution with shallower slopes
towards smaller crater sizes. In a resurfaced crater distribution the
end of the resurfacing event can be deduced from the measured
distribution, by elimination of craters from the measurement,
which were large enough to be not affected by the resurfacing
event (Neukum and Hiller, 1981; Hiesinger et al., 2002; Werner,
2005; Hartmann and Werner, 2010; Michael and Neukum, 2010;
Fassett et al., 2012; Michael, 2013).

In case an already densely cratered surface is further exposed to
meteorite bombardment, for crater sizes observed on Phobos (i.e.
diameter o�10 km) the crater distribution will reach a state of
equilibrium (e.g. Neukum and Dietzel, 1971; Neukum, 1984).
Eq. (1) gives the observed lunar equilibrium distribution for small
craters (Neukum, 1984).

N¼ 101:1D�2 D ½km�; N ½km�2�
� �

ð1Þ

It may be possible that due to the low surface gravity on Phobos
the crater equilibrium is higher density than on the Moon, because
of less ejecta blanketing. However, if crater equilibrium is reached,
the slope of the observed crater distribution should follow a �2
slope in a cumulative plot (�3 slope in differential plots). If a
crater distribution is in production, it should follow a steeper slope
around �3 cumulative (�4 differential) as is also observed on
Mars for small craters (Neukum and Ivanov, 1994; Werner et al.,
2009).

2.3. Randomness analysis

A single geologic unit with uniform resurfacing history is
expected to show a spatially random crater distribution. Analysis
of the spatial distribution of craters can be used to determine
whether the observed population is consistent with being accu-
mulated on a homogeneous geological unit. The degree of cluster-
ing or ordering of the measured craters is presented relative to
random distributions based on 300 Monte Carlo iterations using
the same area geometry as was used for the crater counting (this
analysis is described in Michael et al. (2012)). A surface which is
appropriate for use in deducing the impactor population or for
crater-dating – that is, a unit of homogenous geologic history
having accumulated independently-formed impact craters –

should show a spatially random crater population. In general, this
is also a test for contamination with secondary craters, which
often show a clustered distribution (e.g. Werner et al., 2009;
Bierhaus et al., 2012). According to Bierhaus et al. (2012) we do
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not expect a significant contribution of secondary craters because
of the low surface gravity of Phobos.

2.4. Production function

In order to derive surface ages, we calculated the production
function of impact craters on Phobos. For this purpose we made
use of scaling laws published by Ivanov (2001); Eq. (2). Scaling
laws convert projectile diameters into crater diameters and vice-
versa. These calculations take into account impact velocities and
various physical and material properties of the target and the
impacting bodies.

Dt

DP
δ
ρ

� �0:43
ðv sin αÞ0:55

¼ 1:21
½ðDsgþDtÞg�0:28

ð2Þ

Eq. (2): after Ivanov (2001); corrected by Ivanov and Hartmann
(2007) and by Ivanov (2008) as his Eq. (8).

Values for variables used in Eq. (2) are given in Table 1. Dt is the
diameter of the transient crater. In an additional equation Ivanov
(2001) calculates the relation between the diameter of the
transient crater and the final crater diameter in the case of
complex craters (not existent on Phobos) with diameters larger
than the simple to complex transition diameter. Since all craters
on Phobos are simple, Dt can be used as crater diameter. DP is the
projectile diameter.

In order to convert the lunar crater production function to
Phobos, we use Eq. (2) in the reverse direction first. In this step we
calculate the projectile size-frequency distribution from the lunar
crater size-frequency distribution. Under the assumption that
Phobos has been impacted by the same projectile distribution
that impacted the lunar surface, we apply Eq. (2) in the forward
direction to Phobos in order to calculate the resulting crater size-
frequency distribution for the impact conditions on Phobos. For
Cases A and B we only change the mean impact velocity, respec-
tively. The effect of the change in impact velocities on the shape of
the production function is shown in Fig. 1 (panel A). This
procedure has the advantage that it is independent of modeled
projectile distributions, which cannot directly be observed in the
Main Belt. Instead we make use of the well investigated lunar
cratering record, which provides necessary size distribution infor-
mation relevant for Phobos.

We estimated the mean impact velocity of projectiles on
Phobos for two cases. Case A: Phobos has always been in its
current orbit about Mars. Case B: Phobos is a recently captured
Main Belt asteroid i.e. Phobos acquired all of its observable craters
inside the asteroid Main Belt. In Case A we derived a mean impact
velocity of about 8.5 km/s on Phobos from the differences in
martian escape velocities at the martian surface and at Phobos'
orbit and the previously calculated impact velocities of projectiles
at the martian surface of 9.4 km/s (Ivanov, 2008) according to
Eq. (3). vimpP is the mean impact velocity on Phobos (8.5 km/s),
vimpM is the mean impact velocity on Mars (9.4 km/s; Ivanov,
2008), vescP is the escape velocity of Mars at Phobos' orbit (3 km/s)
and vescM is the escape velocity at the martian surface (5 km/s).
Gravitational focusing of Phobos is neglected due to its very low
mass.

vimpP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2impM�v2escMþv2escP

q
ð3Þ

The interaction between the asteroid Main Belt and the inner Solar
System implies that the lunar surface could serve as an archetype
for crater distributions also for other bodies in the inner Solar
System (Ivanov et al., 2002; O’Brien and Greenberg, 2005; Strom et
al., 2005; Ivanov, 2008). After application of scaling laws the
cratering records of Mars, Phobos as well as the cratering records
of Main Belt Asteroids (e.g. Neukum and Ivanov, 1994; Chapman et

al., 1996a, 1996b) appear to be highly consistent with the lunar
cratering record (Neukum, 1984; Neukum and Ivanov, 1994;
Neukum et al., 2001; Hiesinger et al., 2002). Therefore, it is
reasonable to assume that the same main impactor source was
responsible for the cratering on all of these bodies, namely, the
asteroid Main Belt.

2.5. Chronology function

The chronology of the lunar cratering record has been con-
strained by lunar rock and soil samples from the Apollo and Luna
projects (Neukum, 1984; Neukum and Ivanov, 1994). Thus, the
Moon gives a constrained relationship between crater frequencies
and surface ages. Meteoritic cosmic ray exposure ages show, that
meteorites travel from the asteroid Main Belt to Earth quite
quickly, with traveling times mostly on the order of a few to some
tens of millions of years (e.g. Ivanov, 2001; O’Brien and Greenberg,
2005). Much longer is the half-life time for the exponential decay
of the Main Belt projectile population of about 1.40�108 a
(Neukum, 1984) in the lunar-like chronology. In this setting, any
change of flux variations in the Main Belt should reflect in impact
rates and thus the chronology functions of the cratering records of
the planetary surfaces in the inner Solar System e.g. the Moon. For
this reason, the lunar cratering record can be used as general
scheme for the chronology function for any inner Solar System
body as well as the asteroids themselves but it has to be adapted to
the crater formation rate, which is estimated by the impact
probability for a particular target body (Ivanov, 2008). Since
Phobos is located in orbit about Mars we use the impact prob-
ability of asteroids at Mars (Ivanov, 2001) as first order approx-
imation in our Case A.

As already mentioned Phobos shows spectral characteristics
common to primitive C-type asteroids (Jones et al., 1990). There-
fore, we also derived a chronology function of Phobos for the case
that Phobos has been a Main Belt asteroid until it was captured by
Mars in recent times (Case B). For this case we used the current
average impact probability for Main Belt asteroids (Bottke et al.,
1994). The conversion from impact probabilities to impact fre-
quencies is described in O’Brien and Greenberg, 2005. Even in Case
B it is appropriate to use a lunar-like chronology, because the lunar
chronology is the result of the processes inside the projectile
source region, the asteroid Main Belt. Objects in the Main Belt
should therefore show a lunar-like chronology as well. A detailed
discussion on lunar-like chronologies of Main Belt asteroids is
given by Schmedemann et al. (2014).

If Phobos shows an apex-/antapex (leading apex and trailing
apex) asymmetry, a respective correction would need to be
applied for higher impact rates towards the apex and lower rates
towards the antapex. As detailed in Section 3.4 we find no
conclusive observational results from our analysis of a cratering
asymmetry. Therefore, we do not apply such a correction to our
chronology functions. Theoretical analysis of the current orbit of
Phobos predicts a factor of about four of cratering asymmetry
between the points of apex and antapex of motion. Table 1 gives
the parameters we used to derive the crater production function of
Phobos from the lunar crater production function for the
two cases.

The resulting production and chronology functions of Phobos
are shown in Fig. 1. In panel A of Fig. 1 we show the crater
production functions. Panel B shows the related lunar-like chron-
ologies of Phobos.

Eq. (4) defines a polynomial of 11th degree for crater produc-
tion functions following Neukum (1984), Neukum and Ivanov
(1994) and Neukum et al. (2001). In this equation Ncum is the
cumulative crater frequency for craters equal or larger than the
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crater diameter D and ax are the coefficients.

log Ncum ¼ a0þa1 log ðDÞþa2ðlog ðDÞÞ2þ…þa11ðlog ðDÞÞ11 ð4Þ

Table 2 provides the values for the coefficients with respect to
the two mentioned cases of Phobos' evolution.

Eq. (5) defines the lunar-like chronology function following
Neukum (1984), Neukum and Ivanov (1994) and Neukum et al.
(2001). In this equation Ncum is the cumulative crater frequency for
craters Z1 km, P1–3 are the used coefficients and t is the surface

age in Ga.

NcumðDZ1 kmÞ ¼ P1ðeP2t�1ÞþP3t ð5Þ
Table 3 gives the respective values of the derived coefficients

for the two cases of Phobos' chronology functions.

3. Results

Fig. 2 gives an overview of the locations and sizes of the used
counting areas with respect to the global map presented in an
equidistant cylindrical projection.

3.1. Average surface to the west of Stickney

Since Phobos is targeted for observation only when favorable
configurations of Mars-observing spacecraft arise, the image

Fig. 1. Crater production and chronology functions for Phobos: Panel A: R-Plots (Crater Analysis Techniques Working Group et al., 1979) of Phobos' crater production
functions derived for Case A – always a moon of Mars, and Case B – a recently captured Main Belt asteroid. The functions are normalized to each other at 10 m crater
diameter. Thus, they do not reflect the same model age in the respective impact scenarios. Below about 1 km crater size the functions are very similar but at larger sizes the
lower impact velocity in the asteroid Main Belt results in a shallower production function. We cut off the functions at 10 km crater size, because there is no larger crater on
Phobos. Panel B: Derived lunar-like chronology functions for the two cases of Phobos' evolution based on the respective formation rates of craters Z1 km in diameter in
orbit about Mars (0.97� lunar rate; Case A) and inside the asteroid Main Belt (74� lunar rate; Case B).

Table 2
Coefficients of Phobos production functions for the Cases A and B.

Case A Case B

a0 �2.5489 �2.8783
a1 �2.9794 �2.8687
a2 0.42605 0.53853
a3 0.32288 0.30803
a4 �0.030823 �0.048714
a5 �0.022295 �0.018894
a6 0.019473 0.00371
a7 �0.022278 �0.025344
a8 �0.0085611 �0.0033966
a9 0.0053854 0.005711
a10 0.00087331 0.0004281
a11 �0.0003887 �0.00036638

Table 3
Coefficients of Phobos' chronology functions for the Cases A and B.

P1 P2 P3

Case A 5.25�10�14 6.93 8.09�10�4

Case B 4.02�10�12 6.93 6.19�10�2

Table 1
Parameters for Converting the Production Function: Parameters for the Moon are taken from Ivanov (2001, 2008). The projectile density is assumed to be 2.5 g/cm³
although 2.7 g/cm³ is published for S-type asteroids (Ivanov, 2008). We chose a slightly lower value because of the likely admixture of lower density C-type asteroids.
Simple-to-complex and strength-to-gravity diameters are estimated by a 1/g approach (Pike, 1980), where the lunar values (Ivanov, 2001) are taken as reference.

Moon Phobos (Case A) Phobos asteroid case (Case B)

Target density (g/cm³; ρ) 1.8 (Vasavada et al., 2012) 1.9 (Willner et al., 2010) 1.9 (Willner et al., 2010)
Projectile density (g/cm³; δ) 2.5 2.5 2.5
Impact velocity (km/s; v) 17.5 8.5 5.3
Impact angle (most probable case after Gilbert, 1893; α) 45 45 45
Surface gravity (m/s²; g) 1.62 6�10�3 (Willner et al., 2010) 6�10�3 (Willner et al., 2010)
Diameter strength to gravity transition (km; Dsg) 0.3 81 81
Diameter simple to complex (km) 15 4053 4053
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coverage even with modern HRSC (Wählisch et al., 2010) or HiRISE
(McEwen et al., 2010; Thomas et al., 2011) data is uneven. We
elected not to measure crater frequencies on a global scale for this
analysis, because changing image resolution and geometrically
distorted imaging data would have introduced artifacts in the
measured crater distribution. Utilizing a Phobos basemap based on
HRSC imaging data (Wählisch et al., 2010), we measured crater
sizes in what we judged to be a representative average area west
of the large crater Stickney to obtain the basic properties of
Phobos' cratering record. Although this 177 km² area is affected
by at least two sets of grooves cross-cutting each other at about
901 angle, the crater geometries appear relatively unaffected. It
appears that the grooves superpose the oldest craters but underlie
the youngest craters. Therefore, we expect that groove formation
might be visible in the size–frequency distribution data as a
resurfacing bump. From a geomorphological point of view it
appears that the north–south striking set of grooves is stratigra-
phically younger than the east–west striking set (Fig. 3, panel A).
Fig. 3 (panel B) shows cumulative plots (Crater Analysis
Techniques Working Group et al., 1979) of the measured crater
size-frequency distribution of Phobos. It is characterized by dis-
tinct kinks at about 1.2 km and 500 m crater diameter, which
could be interpreted as resurfacing events. The large craters of our
measurement (1.5–3.5 km) indicate a surface age of Phobos of
4.27þ0.03/�0.04 Ga (Case A) or 3.50þ0.06/�0.1 Ga (Case B).
Craters between 500 m and 1.5 km show frequencies consistent
with surface ages of 4.0270.02 Ga (Case A) or 1.2070.18 Ga
(Case B). Crater frequencies below 500 m crater diameter show
surface ages of 3.7970.02 Ga or 287727 Ma for the Cases A and
B, respectively.

The base age of 4.3 or 3.5 Ga for cases A and B give the times of
the last major resurfacing in this area. Thus, the derived age could
either reflect the formation of Phobos or indeed a resurfacing of
probably global scale. For instance this could be the breakup of the
Phobos parent body or other major collisions involving Phobos. It
is remarkable, that two resurfacing events are visible in the
cratering record of the selected area. As mentioned above, this
area also contains two different sets of grooves. It is tempting to
draw the conclusion that the resurfacing events are connected to
the formation of the two sets of grooves visible in the counting
area. If so, the north–south striking set would have been formed
about 3.8 Ga (287 Ma – Case B) ago and the east–west striking set
about 4 Ga (1.2 Ga – Case B) ago. However, one or both of the
observed resurfacing kinks could possibly be related to other
processes e.g. impact cratering. Given the close proximity of the

Stickney crater (Fig. 2) The formation of Stickney could well be
related to a partial resurfacing in the discussed area. Furthermore,
the highest measured crater frequencies plot well above the lunar
equilibrium for small craters (Fig. 3, panel B). That by itself could
indicate a crater distribution close to equilibrium. That would
imply that the measured model ages could be lower limits.
However, the observed crater distribution is clearly steeper than
the -2 slope of the equilibrium distribution and well in agreement
with the fitted crater production function. This is an indication
that cratering equilibrium is not yet reached and we observe a
crater distribution in production. This also implies that the Phobos
equilibrium distribution should be located at even higher crater
frequencies.

3.2. The interior of Stickney

We measured craters inside Stickney crater in order to deter-
mine the age of Stickney. Area S1 contains craters measured on the
HRSC basemap (Wählisch et al., 2010). Area S2 contains a separate
measurement of craters in the eastern part of Stickney. This part of
Stickney is covered by a higher resolution image of the HRSC
camera (h3769_0004).

3.2.1. Area S1 on low resolution HRSC basemap
Unfortunately the image quality of the HRSC basemap

(Wählisch et al., 2010) varies over the surface area of Stickney
significantly. Thus, we took only a fraction of the crater floor of
Stickney in order to maintain relatively constant and acceptable
image quality. In an updated image mosaic (Wählisch et al., 2013)
the discarded area appears to be covered by a landslide, which
would not have been included in the counting area anyway,
because of its possibly younger formation age. The area (Fig. 4;
panel A) is roughly 25 km² in size and it contains the shallow
south-western part of the crater rim of Stickney. Therefore, it could
be possible that our measurements are affected by some landslide
activity close to the crater rim. In the imaging data there are also
two sets of grooves visible. The grooved area is also covered by the
area S2 in higher resolution. Furthermore, the area contains a
comparatively large (�2 km) and fairly fresh crater named Limtoc.
The formation of this crater may have caused some level of
resurfacing inside Stickney due to seismic shaking. Strong ejecta
blanketing is not expected and not obvious, because of the low
escape velocity. Thus, it appears to be impossible to date Limtoc
crater directly by crater counting on its ejecta blanket, because it

Fig. 2. Area overview: Locations of the used counting areas with respect to the global map given in equidistant cylindrical projection. Areas outlined by white solid polygons
were counted on the HRSC basemap (Wählisch et al., 2010). The area S2 is outlined by a white dashed polygon and was counted on a super resolution channel image
(h3769_004) of the HRSC camera system.
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does not exist. However, from our derived chronology functions,
the size of Limtoc and area S1 we could estimate theoretically the
time range in which Limtoc possibly did form. For the Case A
scenario we find a formation time of roughly 4.2 Ga and 3.3 Ga for
Case B.

Similar to Fig. 3 (panel B) in Fig. 4 (panel B) we show the
measured cumulative crater size-frequency distribution of area S1
inside the Stickney crater. The crater distribution below about 1 km
crater size is flatter than expected from the lunar-like crater SFD.
Apart from the roll-over which is caused by resolution issues below

about 140 m crater size, this flat distribution features two distinct
slopes. These slopes may be indicative of two separate geologic
events disturbing the crater distribution by erasing craters more
efficiently at small sizes than at large sizes (resurfacing). The kink
separating the two slopes is located at about 300 m crater size.

Large craters of our S1 measurement (0.9–1.3 km) indicate a
model age for Stickney of 4.15þ0.07/�0.13 Ga (Case A) or
2.64þ0.71/�1.50 Ga (Case B). Craters between 300 m and 900 m
show frequencies consistent with surface ages of 3.82þ0.03/
�0.04 Ga (Case A) or 341772 Ma (Case B). Crater frequencies

Fig. 3. Map and crater plot of average surface to the west of Stickney: (A) Part of the HRSC basemap of Phobos by Wählisch et al. (2010) in Mercator projection. The counting
area and craters are given as white and red outlines, respectively. (B) Measured crater size-frequency distribution of Phobos showing resurfacing kinks at about 1.2 km and
500 m crater diameter. In general the derived crater production functions both seem to fit the data set quite well. The slightly steeper production function in Case A is a little
better in agreement with the measured data for the largest crater sizes. For both cases: measured crater distribution – black open squares, older resurfacing corrected crater
counts – red triangles, younger resurfacing corrected crater counts – blue crosses, lunar equilibrium distribution for small craters – green dash-dot line. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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below 300 m crater diameter show surface ages of 3.11þ0.16/
�0.33 Ga or 4476.3 Ma for the Cases A and B respectively.

With about 4.2 Ga (Case A) for the age of the Stickney crater, it
is almost as old as the average surface west of Stickney. In the Case
B scenario Stickney is nearly 1 Ga younger than the average
surface west of Stickney. The age of Stickney from the S1
measurement overlaps slightly within the error bars with the
older resurfacing age of (4.0270.02 Ga/1.2070.18) Ga; Case A/
Case B) determined from the measurement of the average area
east of Stickney. Thus, both ages could possibly indicate the

Stickney formation. Although the rim is poorly defined and
smoothed over, Stickney appears to show a higher depth to
diameter ratio than other similar-sized craters such as Drunlo
and Clustril craters. Thus, it appears to be one of the last impacts of
such size on Phobos. Our estimated age of the Limtoc crater
slightly exceeds that age we measured for the formation of
Stickney. Although it is possible that Limtoc formed at any later
point in time, it probably formed shortly after Stickney when
almost no other craters still visible today were present on the floor
of Stickney. It may also be possible that the formation of Limtoc

Fig. 4. Map and crater plot of area S1: (A) Stickney crater in the HRSC basemap of Phobos by Wählisch et al. (2010) in Mercator projection. The counting area S1 and craters
are given as white and red outlines, respectively. (B) The measured crater size-frequency distribution inside Stickney crater shows kinks at about 900 m and 300 m crater
diameter. For both cases: measured crater distribution – black open squares, older resurfacing corrected crater counts – red triangles, younger resurfacing corrected crater
counts – blue crosses. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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erased the preexisting cratering record inside Stickney. In that case
the highest age of this area is the formation time of Limtoc. This
possibility appears less likely than a formation of Limtoc shortly
after Stickney with both craters of similar age.

The two resurfacing events are not quite well constrained from
crater counts. If these two resurfacings are not caused by issues
due to the quality of the images, they could be indicating the age
of the large, sharp rimmed Limtoc crater in the counting area, the
age of the grooves inside Stickney or may simply be caused by
slumping events on the slope of Stickney. Area S2 is more suited to
resolve these younger ages, because of the higher image resolution
and therefore also better determination of small crater frequen-
cies. Fig. 4 (panel A) shows a Mercator projection of the measure-
ment area S1 together with the measured craters projected onto
the HRSC basemap (Wählisch et al., 2010).

3.2.2. Area S2 on high resolution HRSC image h3769_0004
The HRSC image h3769_0004 shows only the eastern part of

the Stickney crater (Fig. 5, panel A). Its resolution is about 10 m per

pixel. The counting area is roughly 10 km² in size and it includes a
part of the eastern crater rim of Stickney. This part of the rim is
topographically higher than the southern part and therefore this
measurement might also be even more affected by landslides on
the slope of the crater rim. However, its current dynamic height is
relatively low (Willner et al., 2013), which would imply a lower
probability for mass wasting events. This counting area overlaps
with area S1 and it contains two sets of grooves crossing each
other inside the counting area. Based on a morphologic inter-
pretation it appears that the north–south striking set of grooves is
older than the east–west striking solitary groove, because the
north–south grooves do not continue through the east–west
groove. There is morphologic evidence that both sets of grooves
superimpose the �2 km Limtoc crater inside Stickney. Thus,
Limtoc crater might pre-date both groove formation events, which
would be consistent with the idea that Limtoc formed immedi-
ately after Stickney. The Limtoc impact event might have caused
landslides on the crater walls of Stickney. This probably happened
on the western crater wall of Stickney, where landslides of

Fig. 5. Map and crater plot of area S2: (A) Eastern part of Stickney crater in the HRSC image “h3769_0004” in Mercator projection. The counting area S2 and craters are given
as white and red outlines, respectively. (B) For both cases: measured crater distribution – black open squares, resurfacing corrected crater counts – red triangles. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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possibly different ages are apparent on HiRISE (McEwen et al.,
2010) imaging data (http://static.uahirise.org/images/2008/details/
phobos/PSP_007769_9010_IRB.jpg; 23. JAN 2014). The grooves in
our counting area, which are located on the eastern crater wall of
Stickney do not show obvious degradation by landslides. Thus,
large landslides probably did not occur on the eastern crater wall
of Stickney.

Fig. 5 (panel B) shows a cumulative plot of the measurement
taken in area S2. Because of the higher resolution imaging data the
crater plot shows more detail for small craters but lacks larger
craters due to the limited area. We identified a possible resurfacing
for crater sizes smaller than �190 m. For Cases A and B this
resurfacing ended about 3.24þ0.09/�0.17 Ga or 4875.7 Ma ago.
Within the error bars these ages are in agreement with the
younger resurfacing event found in area S1. The model age for
craters 4190 m of this measurement is 3.61þ0.04/�0.06 Ga or
115722 Ma for Cases A and B. Under consideration of resurfacing
ages of area S1 the mentioned morphology-based stratigraphic
order of the Limtoc crater and the grooves may suggest an age of
about 3.6–3.8 Ga (0.12–0.34 Ga, Case B) for the formation of the
north–south striking set of grooves. The younger resurfacing age
indicates the formation of the east–west striking groove about
3.1–3.2 Ga or 44–48 Ma ago for Cases A and B, respectively.

3.3. Spatial randomness analysis

Fig. 6 shows the distribution of crater size dependent clustering
effects of measured craters in the three mentioned areas. Following
the method of Michael et al. (2012) we examine the value of a
clustering measure (here we use the standard deviation of adjacent
area (SDAA)) with respect to a series of random configurations of
craters generated over the same counting area. Strong deviations of
the measured value from the random series suggest that the counting
area is not homogeneous, and likely incorporates regions of varying
age or geologic history. In this work we consider that measures which
fall within 73s of the mean for the random series are consistent with
being random and are thus valid populations to use for crater dating.

The average area west of Stickney shows a random spatial
crater distribution for crater sizes 4500 m. Below 500 m the
craters are slightly clustered. This slight clustering could be caused
by variations in the illumination conditions but it is also possible
that the groove formation or seismic shaking due to the Stickney
impact may have influenced the spatial distribution of the smaller
craters. Area S1 is characterized by a random crater distribution for
crater sizes 4250 m. Craters smaller 250 m are slightly clustered.
The reason for this clustering could be the changing image quality
across the counting area. Thus, smaller craters are harder to
recognize in lower quality parts of the image. Area S2 shows a
random crater distribution for all craters. As observed in the other
areas craters o125 m show a tendency for slight clustering.
Besides changing illumination conditions it might be possible
the slight clustering is a real geomorphologic effect possibly
caused by some resurfacing process which did not act uniformly
over the counting area. The SDAA randomness test is not possible
if there are fewer than three craters in the diameter bin. This is
often the case for the largest one or two measured crater size bins.

3.4. Crater density asymmetry at apex and antapex points of orbital
motion

It may be expected that for a body which has long been in
locked orbit around Mars, there may be an asymmetry between
the density of craters at the apex/antapex points of orbital motion.

Following Zahnle et al. (2001), using circular counting areas
within 301 of the along-orbit axis (�11.6 km diameter) we
measured a density ratio of 0.6 for this effect. Surprisingly, the

higher crater frequency is determined in the area at the antapex.
The map in Fig. 7 (panel A) shows the counting areas and mapped
craters for this analysis. Fig. 7 (panel B) shows the respective crater
plots. It is apparent that we are dealing with small number
statistics. Although we used fractional crater counting (Platz
et al., 2013) in order to improve crater statistics we are able to
fit only 3 or 4 crater size bins in each measurement, but the error
bars overlap. Thus, we cannot confirm the existence of a cratering
asymmetry between the apex and antapex of motion on Phobos.
We analyzed the crater density only for relatively large diameters,
which give insight to the early cratering history. With respect to
the described two scenarios the non-existence of an apex-/antapex
asymmetry could mean for Case A that Phobos was not or not
permanently locked in its current position. Major impacts may
have changed Phobos' orientation from time to time during its
early history. For the Case B scenario all craters formed inside the
Main Belt and a cratering asymmetry is not expected, possibly
consistent with our observation. Small craters could give insight to

Fig. 6. Randomness Analysis: Value of SDAA (standard deviation of adjacent area)
clustering measure for three crater counts with respect to a series of random
configurations of craters generated over an equivalent counting area (Michael et al.,
2012). The analysis is made separately for craters of different sizes, the population
being split into bins with a
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range 71s from the mean; the light gray bands, to 73s.
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the most recent cratering history of Phobos. We did not analyze
smaller crater sizes for apex/antapex asymmetry, because at least
the apex area shows multiple resurfacing events. Thus, a compar-
ison to the antapex area is not trivial.

Eq. (6) gives a theoretical estimation of the expected current
ratio of the cratering rate (γ) between the apex and the antapex of
motion of Phobos following Horedt and Neukum (1984), Zahnle
et al. (2001) and Morota et al. (2008).

γ ¼
1þ vorbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2v2
orb

þv21
p cos β

1� vorbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p cos β

0
B@

1
CA

2:742

ð6Þ

The current orbital velocity (vorb) of Phobos is about 2.14 km/s. The
projectile velocity at infinity (v1) follows from Eq. (1) by neglect-
ing the term of Mars' escape velocity at Phobos' orbit and has a
value of about 8 km/s. For β we use values r301. Thus we expect a
cratering ratio between the points of apex and antapex of Phobos'
motion of about 4.

4. Summary

We calibrate the lunar crater production function for Phobos'
conditions based on dynamical estimates for an impact history of
Phobos in its current orbit about Mars (Case A) and for an
asteroidal impact history which implies that Phobos was captured
into its current orbit (Case B) relatively recently (less than �40 Ma
ago). These two scenarios also require respective chronologies
which are based on a lunar-like chronology, assuming the same
time dependent behavior in impact rates. The chronology of Case
A is based on impact rates on Mars (Ivanov, 2001), while the Case
B chronology is based on the current average impact probability
between Main Belt asteroids (Bottke et al., 1994).

The crater equilibrium reported by Thomas and Veverka (1977)
is not apparent in our measurements for the oldest surface we
measured (average area west of Stickney). Instead we find a crater
distribution in production, although already above the lunar
equilibrium distribution for small craters.

Our results for the Case A scenario are roughly consistent with
Thomas and Veverka (1980), while the Case B scenario differs more
strongly. I – TV(1980): The oldest surface is about 4 Ga old. We
found an age of �4.3 Ga in our Case A scenario and �3.5 Ga in

Case B. II – TV(1980): The grooves are not recent formations. We
found ages of 3.1–3.8/44–340 Ma (notation: Case A/Case B) in our
areas, which could be linked to groove formation on Phobos. Thus,
in our Case B the grooves are recent formations, while they are
ancient in Case A. Causes other than groove formation for the
resurfacing ages are also possible. �4.0/1.2 Ga is a resurfacing age
in the area to the west of Stickney. Within the error bars it is the
same age we derive for Stickney formation in area S1 (�4.2/
2.64 Ga). Given the close spatial neighborhood it is more reason-
able to relate both ages to the formation of Stickney than to
introduce a groove formation event at the average area at �4.0/
1.2 Ga. The younger resurfacing age (�3.8 Ga/�290 Ma) from the
average area to the west of Stickney and the older resurfacing age
in area S1 (�3.8 Ga/�340 Ma) are the same within the error bars
and the older age in area S2 (�3.6 Ga/�120 Ma) is similar but not
the same within the error bars. Possibly all these ages (�3.6 to
�3.8 Ga/�120 to �340 Ma) might date just one event of groove
formation. The youngest ages found in areas S1 and S2 3.1–3.2 Ga/
44–48 Ma might date a younger groove formation event. Based on
morphologic investigations Limtoc appears stratigraphically older
then both sets of grooves inside Stickney (Murray et al., 1994;
Murray and Heggie, 2014). From theoretical estimation for the
formation of Limtoc it appears possible that it formed immediately
after Stickney and thus its formation is not recorded as resurfacing
event in the area S1. Orientation angle and stratigraphic super-
position of the east–west striking groove may imply at least two
separate groove formation events possibly resolved by our mea-
surements. III – TV(1980): Stickney has a similar age to the grooves.
We found an age of about 4–4.2/1.2–2.64 Ga (notation: Case A/Case
B) for Stickney. For Case A this is slightly older than the formation
of grooves at about 3.1–3.8/0.44–0.34 Ga. For Case B the difference
is more than 1 Ga. Thus, if Stickney is older than the grooves and
even multiple sets of grooves exist inside Stickney, which probably
formed not together in one event; it appears that Stickney is
probably not responsible for groove formation on Phobos. Grooves
and troughs have been found on asteroids such as (433) Eros
(Buczkowski et al., 2008), (21) Lutetia (Thomas et al., 2012) and
(4) Vesta (Jaumann et al., 2012). Thomas et al. (2012) give a broad
discussion on the quite diverse pattern of linear features on (21)
Lutetia connected with related formation processes.

In addition to the statistical errors, the estimated absolute ages
are also affected by other uncertainties. For example in the case of

Fig. 7. Apex/Antapex Asymmetry Measurement: (A) HRSC basemap (Wählisch et al., 2010) in equatorial equidistant projection with apex and antapex counting areas (white
circles). Apex and antapex areas are defined as circles with 30 degree radius on the surface of Phobos around the apex (longitude: �901, latitude: 01) and antapex (longitude:
901, latitude: 01) point of motion. Very small craters are not mapped, because they are affected by resurfacing. (B) Fit of the production function (Case A) to the measured
crater distributions. The extrapolated value of the cumulative crater frequencies at 1 km crater size are 0.5 km�2 for the leading side (apex) and 0.8 km�2 for the trailing side
(antapex). Thus, we measure a ratio in crater frequencies of a factor of about 0.670.8 between the leading and trailing side of Phobos.
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the average area west of Stickney the measured area is larger than
the morphological extent of the grooves and it might be possible
that the resurfacing acted unequally over the counting area at both
events. However, such unevenness was not detected by the
randomness analysis.

Unfortunately the imaging data we used in this work is not
sufficient to do meaningful measurements on a global scale to
characterize the crater distribution on Phobos in more detail.
Although we cannot prove or disprove an apex/antapex asymme-
try, it is possible that a cratering anisotropy could have an effect on
any age determination based on the cratering record of Phobos. An
apex-/antapex anisotropy could be an indication that Phobos has
been in a locked rotation about Mars for a long time and that
Phobos was not captured recently. A shielding effect by Mars
causing higher cratering rates on the far-side could not be detected
in this work. The only indication that our Case A is more probable
than Case B is our measurement of the average area west of
Stickney. The slight difference in the crater production function
between our Cases A and B is best visible at large crater sizes. The
mentioned area contains such craters and at the largest crater
sizes the crater production function for Case A fits slightly better to
our measurement than the production function of Case B (Fig. 3).
However, Bottke et al. (1994) estimated for the similar-sized Main
Belt asteroid Gaspra a collisional lifetime of roughly 500 Ma. Based
on this estimate we may speculate that Phobos was not a member
of the asteroid Main Belt at least during the last �500 Ma. Thus, if
Phobos is a captured asteroid, as its spectral characteristic implies,
it likely has been captured very early in the Solar System history,
when the asteroid flux at Mars was much higher than during the
last 3.5 Ga.

This is also supported by the work of Murray et al. (1994) and
Murray and Heggie (2014). Based on their model the number and
geometry of the groove families would require that Phobos is in a
locked rotation about Mars since �3.9 Ga. If it resided longer in
such a configuration, we might see more sets of grooves. Thus,
�3.9 Ga might also be the time at which Phobos could have been
captured, if it is a captured asteroid.

In case farther dispersed secondary projectiles from Mars
impacted Phobos in significant numbers, age determination by
crater counting could become meaningless due to the secondary
contamination. We do not think that this is an issue, because large
numbers of secondaries would have been manifested as a steep
crater distribution in our measurements, which was not observed.

The results of this work are based on rather inhomogeneous
imaging data. Once a more homogeneous imaging atlas of Phobos
is available (e.g. Wählisch et al., 2013), the presented results could
be refined.
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