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ABSTRACT

Context. The Saturnian satellite system has been observed in detail by the Cassini-Huygens mission. These satellites present different
surface features, including impact craters caused by small objects probably coming from the trans-Neptunian region.

Aims. In this paper we calculate the production of craters on the mid-sized Saturnian satellites produced by Centaurs from the scattered
disk (SD) and plutinos in order to determine this contribution, and we compare our estimations with the Cassini observations.
Methods. We used a method developed in a previous paper that uses a numerical investigation of the dynamical evolution of Centaur
objects to calculate the production of craters. We used a size-frequency distribution (SFD) of scattered disk objects (SDOs) as a
power law with a break at diameters d = 60 km considering two cases for the differential power-law index: s, = 2.5 and s, = 3.5
for d < 60 km.

Results. We calculated the number of craters, the greatest crater produced by Centaurs from the SD and plutinos, and the present
cratering rate on each of the mid-sized satellites, for both cases of the SFD of SDOs considered. The contribution of plutinos is
negligible compared to SDOs. From our calculations and the comparison with observations we note that the calculated number of
craters for s, = 3.5 is in general nearer the observed number. However, in general for smaller craters, the observed number is less
than the calculated one. This trend can be explained by at least two mechanisms. On the one hand, this could be caused by an erasing
process that gradually buries the craters, which does not affect large craters. On the other hand, the comparison of the calculated and
observed crater size-frequency distribution for different size ranges implies that for d < 60 km, the SFD of SDOs is consistent with the
assumed index s, = 3.5, for d > 0.2—1.4 km and for d < 0.2—1.4 km, it is consistent with s, = 2.5. Then in the range d ~ 0.2—1.4 km,
the SFD of SDOs could have a new break. This change of slope could explain the reduction of small craters, at least for some cases.
Conclusions. We found a good agreement when comparing our results with observations. However, independent determination of
surface ages and geological processes are needed to determine if there is a new break on the SFD of SDOs, if there is a planetocentric

source of craters in the Saturnian system, and which craters are primordial.
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1. Introduction

The arrival of the Cassini-Huygens spacecraft at the Saturn sys-
tem in June 2004 allowed a detailed observation of all the Saturn
satellites and even the discovery of new small satellites orbiting
the planet. The Saturnian satellites present a diversity of surfaces
and sizes; some of them are very small (km-tens of km), others
are mid-sized (hundreds of km), and we have the largest satellite,
Titan. Every satellite is a unique world that presents new chal-
lenges and prospects for planetary studies in general, and also
for the study of new physical, dynamical, chemical, and even
biological processes in completely new lands and habitats.

The mid-sized icy satellites of Saturn are Mimas, Enceladus,
Tethys, Dione, Rhea, and Iapetus. All of them are regular satel-
lites that orbit Saturn in quasi-circular and low-inclination orbits.
Thomas (2010) updated the shape information of the Saturnian
satellites and the related interpretations of measurements from
the Cassini imaging data and the previous calculations. The
mean radius and densities obtained by Thomas (2010) are shown
in Table 1. Jacobson et al. (2006) reports on the gravity field of
the Saturnian system, calculating the superficial gravity based
on data acquired from all of the spacecraft that have visited the
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system up to mid-2006. In Table 1 we summarize all the phys-
ical data of the satellites, as well as the orbital semimajor axis
and mean orbital velocity. The mid-sized satellites of Saturn are
mainly composed of water ice and present cratered surfaces, but
some of them have young surfaces associated with recent geo-
logical processes. Cassini observations of the Saturnian system
provide high-resolution images that allowed the Cassini team
to obtain impact cratering records on their surfaces. Kirchoff
& Schenk (2009) and (2010) (KS09 and KS10 in the follow-
ing) analyzed Cassini images and obtained the number and size-
frequency distribution of craters for the mid-sized icy satellites.
Although the counts are not from the complete surface (Kirchoff,
priv. comm.), we will use these papers in order to compare and
analyze our results.

It was proposed in the Voyager era, based on the crater-
ing data, that the satellites were struck by two different im-
pactor populations. Population I were heliocentric objects and
Population I were planetocentric impactors, such as small plan-
etocentric debris. Many giant planetary satellites exhibit irregu-
lar shapes and features related to past catastrophic events. These
events injected fragments into planetocentric orbits that became
planetocentric projectiles for the satellites in the system. There
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Table 1. Satellite data.

Satellite P R g a v v;

Mimas 1.149 1982 6.37 185539 143 25.1
Enceladus 1.609 252.1 11.34 238042 126 222
Tethys 0.985 531.0 14.62 294672 11.3  20.1
Dione 1.478 5614 23.20 377415 100 17.8
Rhea 1.237 7645 2634 527068 8.5 15.3
Tapetus 1.088 7343 2235 3560854 3.3 6.9

Notes. Mean density p [gr/cm3], mean radius R [km], surface grav-
ity g [cm/s?], semimajor axis a [km], orbital velocity v, and relative
collision velocity v;, both in [kms™'].

are a number of papers that address the source and fate of plan-
etocentric objects. Marchi et al. (2001) analyzed the possible
transfer of mass from a satellite after a catastrophic collision
onto another satellite. In particular for the Saturn system, these
papers show that Hyperion was the most likely source of frag-
ments for Titan, and a transfer from Phoebe to lapetus was
also possible. Dobrovolskis & Lissauer (2004) studied the ejecta
from Hyperion and suggested that it contributed to Population II
craters on the inner satellites of Saturn. They suggested that
those projectiles struck with less speed than heliocentric im-
pactors and so could be distinguished by crater morphology.
The high resolution of Cassini images and more analysis on
the production of craters will help to determine the origin of
the craters, and if one or two populations have contributed to
crater the system. Beyond this, the heliocentric population that
is now the source of craters on the satellites of the giant planets
are Centaurs. Centaur objects are small bodies that have orbits
mainly in the giant planetary zone, and cross orbits with the gi-
ant planets and then with their satellites. They come mainly from
the scattered disk (SD) in the trans-Neptunian zone (Di Sisto
& Brunini 2007). The scattered disk objects (SDOs) are bod-
ies with perihelion distances ¢ greater than 30 AU and smaller
than ~39 AU that can cross the orbit of Neptune and eventu-
ally move into the giant planetary zone. When they enter this
zone they are called Centaurs and they can cross the orbits of
the planets and of their satellites (Di Sisto & Brunini 2007;
Levison & Duncan 1997). The secondary source of Centaurs are
escaped plutinos and the low-eccentricity trans-Neptunian ob-
jects (Di Sisto et al. 2010; Levison & Duncan 1997). In short,
Centaurs are small body objects capable of crossing the orbits of
the giant planet’s satellites hitting them and producing craters.

In this paper, we study the production of craters on the mid-
sized satellites of Saturn caused by Centaur objects coming from
the SD and plutinos. In a recent paper Di Sisto & Brunini (2011)
(hereafter DB11) studied the craters on Phoebe produced by
Centaurs from SDOs and plutinos. We use the same method de-
scribed in that paper for each of the mid-sized Saturnian satel-
lites. We will compare our results with the crater counts from the
Cassini images in order to determine for each satellite the con-
tribution of the present Centaur population, the origin of craters
and special features.

2. Method

In this section we describe the population of impactors, the
method, and the cratering law that we will use to evaluate the
production of craters on the mid-sized satellites of Saturn.

2.1. The impactor population

The cratering rate and number of craters on a solar system body
depend on the number and size of the impactor populations.
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Here, we will consider as impactors the Centaur objects that
come mainly from SDOs and less often from escaped plutinos.
As mentioned, SDOs are trans-Neptunian bodies with perihelion
distances 30 < g < 39 AU that can cross the orbit of Neptune
and eventually move into the giant planetary zone where they
are called Centaurs. DB11 analyzed the size-frequency distribu-
tion (SFD) of SDOs based on new estimations of the maximum
number of distant populations by Parker & Kavelaars (2010a,b)
and considered that it has a break at diameters d ~ 60 km
(Bernstein et al. 2004; Gil Hutton et al. 2009; Fraser & Kavelaars
2009; Fuentes & Holman 2008; Fuentes et al. 2009). The dif-
ferential power-law indexes of the SFD has been given the
value s; = 4.7 for d > 60 km (Elliot et al. 2005) and given two
values for s, = 2.5 and 3.5 for d < 60 km given the uncertainty
of the SFD for small objects. Then the cumulative number of
SDOs with diameter greater than d is given by

1 km\?™'
NEd) = Co|— for d < 60km,
100 km\" "
N(>d) = 3.5 % 105( ~ m) for d> 60 km, (1)

where Cy = 3.5 x 10°100*~1(60)*>*' by continuity for d =
60 km.

A secondary source of Centaurs considered here is the
plutino population. We will also consider the number of pluti-
nos from the analysis made by DB11. The present cumulative
number of plutinos is given by

1 km\’
NGd) = C|—= for d <60 km,
o1 km)’
NEd) =79%x10°|—= for d > 60km, )

where C = 7.9 x 10° (60)?~3 by continuity for d = 60 km and
the cumulative power-law index p has the two values 2.5 and 1.5
(p = s — 1), as in the case of the SFD of SDOs.

2.2. Calculation of collisions

In order to study the collisions of Centaurs on the satellites of
Saturn, we used the results of the numerical simulation of SDOs
by Di Sisto & Brunini (2007) and the numerical simulation of
plutinos by Di Sisto et al. (2010). These simulations were done
considering the present configuration of the solar system and
a time span of 4.5 Gyr. Furthermore, we used the method de-
scribed in DB11. In this previous work, DB11 used the output
files of the encounters of SDOs and plutinos with Saturn to cal-
culate the collisions of Centaurs (from SDOs and plutinos) with
the satellites using a particle-in-a-box approximation. It is gener-
ally accepted that the initial mass of the trans-Neptunian region
was ~100 times greater than its present mass and decayed to
nearly its present value in at most 1 Gyr. This scale of time de-
pends on the model of formation and evolution of the early solar
system. The initial mass depletion produced a heavy bombard-
ment of minor bodies on the planets and their satellites known as
the late heavy bombardment (LHB), approximately 3.8 Gyr ago
(see e.g. Morbidelli 2008). The model of DB11 does not con-
sider what happened at early times of the solar system and be-
gins after this initial mass depletion when the solar system began
to stabilize. Our model applies to the present configuration of
the solar system, as mentioned, and therefore does not take into
account the LHB and earlier times. When we refer to Centaurs
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in the following, we are always talking of “present Centaurs”,
i.e., Centaurs that come from the SD after the initial mass deple-
tion, and then our model should be a good approximation for the
post-LHB time, namely <4 Gyr.

From the method described in DB11, the cumulative num-
ber of collisions of Centaurs with the satellites in the present
configuration of the solar system depending on the diameter is
given by

Ui Rg
——— 10.257 N(>d), 3)
v(Ru) Ry

Ne(>d) =

where v; is the relative collision velocity on each satellite, R is
the satellite radius, and v(Ry) is the mean relative encounter
velocity of the Centaurs when they enter the Hill sphere (of
radius Ry) of the planet. All the velocities were calculated
from our outputs in the mentioned simulations. The number of
Centaurs N(>d) is given by Egs. (1) and (2) according to the cor-
responding source population. From that equation we can calcu-
late the number of collisions on a given satellite, and since we
have considered that the SFD of SDOs and plutinos have a break
in d ~ 60 km, the results will be expressed in terms of the two
exponents (s, = 2.5 and 3.5).

2.3. Cratering law

The size of a crater on a body depends on the size of the im-
pactor through an empirical law that is obtained in general from
laboratory experiments. This law depends on the composition of
the target, among other factors. The surfaces of the satellites of
Saturn are mainly composed of ice. The densities of the mid-
sized satellites are also similar to the density of water ice (see
Table 1). So we will use the cratering law for icy surfaces for all
satellites.

Kraus et al. (2011) present calculations of scaling laws for
final crater size for impacts onto H,O ice. They used recent
simulations from Senft and Stewart (2011) of the full crater-
ing process on Ganymede to derive the crater size scaling rela-
tions for impacts on cold ice. They consider the gravity regime,
vertical impacts, impactor, and target of the same density and
found that the empirical form for the relationship between the
non-dimensionalized diameter of the transient crater p and the
parameter 75 is

mp = Cp 1’ (4)
where
1/3
D

T = 1.24 (’ﬁ) -t (5)

pi d
and the inverse of the Froude number 7, is defined as

1.61gd

7 = Uf ©6)

1

with p, the target density, p; the impactor density, D; the apparent
transient crater diameter, v; the impactor velocity, d the impactor
diameter, and g the surface gravity of the target. Kraus et al.
(2011) found that the best coefficients in Eq. (4) for 150 K ice
are Cp = 2.5 and B = 0.16, which are intermediate between wa-
ter and sand and below rock. From these equations and consider-
ations, the diameter of the transient crater in the gravity regime
is then given by

7 )06 /13
D, = 1.67(%) (%) d. 7
h t

Table 2. Transition diameters and largest impactor and crater.

Satellite D, D dn Dy, dn Dy,
Sy = 2.5 Sy = 2.5 S§2 = 3.5 Sy = 3.5

Mimas 0.254 44.8 0.7 24.8 4.3 1134
Enceladus 0.101 25.2 0.9 23.8 4.9 102.3
Tethys 0.129 19.5 24 59.3 8.6 184.5
Dione 0.054 123 2.3 46.6 8.6 145.2
Rhea 0.057 10.9 32 60.7 10.3 169.9
Tapetus 0.076 12.8 1.8 30.1 7.3 103.1

Notes. D; (from strength to gravity regime) and D* (from simple to
complex craters), diameter of the largest impactor: d,, and of the corre-
sponding largest crater: Dy,, on the surface of each Satellite caused by
the Centaur population, all in [km].

In order to applicate the size scaling law for the icy satel-
lites of Saturn, it is important to take into account the whole
law that includes the gravitational regime and also the strength
regime. Then we consider the whole form of the cratering law
from Holsapple & Housen (2007) that is a convenient empirical
smoothing function to span the transition between the gravity
regime and the strength regime, but we take into account the pa-
rameters Cp and S for ice obtained by Kraus et al. (2011) for the
gravity regime.
Then, from Holsapple & Housen (2007)

d 2 Y 2% v(2+u) —ﬁ‘,
H H
2vi Pi PrY; Pi

where the two exponents ¢ and v and the constant K; character-
ize different materials. The first term is a measure of the gravity
of the target at the time of craterization and the second term in-
dicates the importance of the strength of the target. Thus, if the
first term is larger in value than the second term, the crater is
under the gravity regime, instead if the second term is larger,
we have the strength regime. The partition between the two size
scales of impacts depends on the size of the event (Holsapple
1993). When the two terms are equal we have the transition im-
pactor diameter (d;) between the strength regime and the gravity
regime. From Eq. (8) we can calculate the crater diameter pro-
duced by d; (D)) that is shown in Table 2.

In order to obtain the appropriate coefficients for the whole
cratering law for ices, we take only the first term of Eq. (8) (ne-
glecting the second term). This is the term corresponding to the
gravity regime, and equal to the result of Eq. (7). We then ob-
tain the values of K1, u, and v in terms of Cp and 8 given in
Kraus et al. (2011). The parameters of the complete law are
then u = 0.38, v = 0.397, and K; = 1.67. For the strength Y
and the constant K>, we use here the values for cold ice from
(Holsapple 2011)',i.e., K> = 0.351 and Y = 1.5 x 10° dyn/cm?.
Kraus et al. (2011) consider that the effect of the impact angle
can be taken into account by multiplying the impact velocity by
the sine of the angle of impact 6. Then we will consider in Eq. (8)
the most probable impact angle 6 = 45°.

From Eq. (8) we determine the transient radius of a crater
for an impactor of diameter d on an icy surface; this is a simple
crater. But above a certain threshold size (which depends on the
target), a simple crater collapses because of gravitational forces,
leading ultimately to complex craters with central peaks, terraced
walls, and circular rings. Then, to obtain the final crater diameter

1 'Web page http://keith.aa.washington.edu/craterdata/

scaling/index.htm. Accessed December, 2011
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we follow the treatment in Kraus et al. (2011) where the simple-
to-complex transition diameter is given by

2
D=, 9)
g
where g is the surface gravity of Ganymede, and the final crater
diameter Dy for Dy > D* is given by

Dy D \Va=m
(5] (10)

— = (13"
p, -~ M D

t

where k = 1.19 and n = 0.04. Then the final crater size can be
obtained by

D = (1.3k)D,
D =Dy

D, < D*/1.3k,
D> D*/13k.

for
for

(1)

We have used here the factor 1.3 k, from transient to final simple
craters, and the factor (1.3 k)!/!=" to have continuity in the tran-
sition from simple to complex craters, according to Marchi et al.
(2011).

As can be seen from Eq. (8), the cratering law depends also
on the impactor density. The trans-Neptuniana objects (TNO)
calculated densities have a wide range of values from ~0.5
to ~3 gr/cm® (Mc Kinnon et al. 2008). Then we take as the im-
pactor density p; = 1 gr/cm? as a typical value of TNO densities.

Equation (3) gives the cumulative number of collisions of
Centaurs with the satellites in the present configuration of the
solar system, depending on the diameter of the impactor. By
combining Eq. (3) with Egs. (8) and (10), it is possible to cal-
culate the number of craters on each satellite according to the
diameter of the crater.

3. Results

First we will show general results obtained from the method de-
scribed in Sect. 2. We show the results for the production of
craters by Centaurs from the SD since the contribution of pluti-
nos is negligible with respect to SDOs. In Table 2 we show the
transition crater diameter between the strength regime and the
gravity regime (D)), between simple and complex crater s (D*),
and the largest impactor and crater diameter depending on the
SFD index for small impactors (s;) as mentioned in Sect. 2.1.
The value of D is in general small for all satellites and we see
that km-sized craters are produced under the gravity regime.

By combining Eq. (3) with Eqgs. (8) and (10), we calculate the
total number of craters on each satellite produced by Centaurs
according to the diameter of the crater. As already mentioned,
this corresponds to the cratering contribution of Centaurs at the
post-LHB time. The calculated cumulative number of craters on
all mid-sized icy satellites is shown in Fig. 1. Each color repre-
sents each satellite, the upper lines correspond to the number of
craters obtained using the differential power-law index s, = 3.5
and the lower lines correspond to s, = 2.5.

From Eq. (8), we have D o d for craters with diame-
ters D < Dy, and then the cumulative number of craters (N.(>D))
will follow the same power-law relation given for d (Eq. (1)).
In the strength regime this is, N(>D) o D'~%. In the gravity
regime, when D > Dy, the relation between D and d is no longer
linear and it can be obtained from Eq. (8) neglecting the second
term. This is why the behavior of N.(>D) with D in Fig. 1 is
almost equal for all the satellites. The very small differences be-
tween the upper and lower curves are due to the different values
of Dy and the smoothing of the general crater law near D). Then
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Fig. 1. Cumulative number of craters with diameters greater than D pro-
duced by Centaurs from SDOs. The upper lines correspond to the dif-
ferential power-law index s, = 3.5, the lower lines to s, = 2.5.

from Egs. (8) and (1), we can derive a power-law dependence
of N.(>D) with D for all satellites considering both cratering
regimes in order to compare them with the observed distribu-
tions. Then for s, = 2.5

N.(>D) « D7'? for D<D,

N.(>D)«< D7'78  for D> D, (12)
and for s, = 3.5

N.(>D) « D72 for D<D,

N.(>D)o< D2 for D> D, (13)

We will compare with observations and analyze this separately
for each satellite.

DBI11 calculated the present normalized rate of encounters
of SDOs with Saturn per year as F' = 7.1 x 107! yr~!. This rate
represents the rate of encounters in the present solar system since
it was obtained by fitting a linear relation for the past 3.5 Gyrs
to the fraction of encounters of SDOs with Saturn, (see Fig. 3 in
that paper) when the rate of encounters begins to stabilize and to
be significant. Then F represents the rate of encounters (or colli-
sions) in the present configuration of the solar system where our
model applies. As already mentioned we have not modeled the
early times of the solar system when it was forming. We would
need to know the actual initial scenario of formation of the so-
lar system and in particular of SDOs to know the real primordial
contribution and the period of time of this process. The crateriza-
tion of the satellites at these early times had to be important, and
might still be visible in some satellite surfaces, but our model
cannot calculate this.

We follow here the same argumentation given in DB11 to ob-
tain the present rate of collisions (or cratering) on each satellite.
Since, from the method described in DB11, the number of colli-
sions is proportional to the number of encounters, the temporal
dependence of collisions is the same as the temporal dependence
of encounters (see Egs. (2)—(7) in DB11). So the current rate of
collisions (C(>D)) onto each satellite can be obtained by mul-
tiplying F by N.(>D) (obtained from Egs. (3), (8), and (1), or
Fig. 1). Then the present cratering rate can be obtained by
C(>D) = FN.(>D). (14)

In Table 3, we show the values of our calculated current rate, the
cratering rates calculated by Zahnle et al. (2003), and the current
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Table 3. Current cratering rate (yr~') for crater with D > 10 km, and the same from Zahnle et al. (2003) and Smith et al. (1982).

Satellite C(>10) C4(>10) Cs(>10)
sy, =2.5-3.5 Case A—Case B

Mimas 3.6x1071°-8.6x 10 49x10%43x107 8.0x10~°

Enceladus 3.3 x 107°-6.0x 10®  56x10%4.6x 107 8.0x107°

Tethys 1.6x107°-32x 107 1.6x107-1.0x10°% 1.5x107%

Dione 10X 107°-1.5x 107  12x107-7.5x107 1.1x1078

Rhea 1.6x107°-23%x 107  14x107-74x107 1.1x1078

Iapetus 48x1071°57%x 10 13x10%-50x10°% 54x107°
cratering rates obtained by Smith et al. (1982 ), all for craters 1e+07 ¢ ' Mimas
with D > 10 km and for each satellite. Zahnle et al. (2003) con- 1es06 [ :gjgg 7777777 ]
sider two cases for the initial population of impactors based on [ obs -
the relative abundance of small comets at Jupiter (Case A) and 100000 Iy 7
at Neptune (Case B). They also obtained the SFDs of impactors Ng 10000 L 1
by inverting crater counts from Europa, Ganymede, Callisto, and % . Tl
Triton. Their estimations of cratering rates have an uncertainty 5 1000 L “‘*52:;3::~ ]
factor of 4. Although we can see the Zahnle et al. (2003) calcu- § I I
lations for case A are in agreement with our calculation for the & 100 ¢ S 7
case where s, = 3.5, taking into account their uncertainty fac- = ol S ]
tor. The values of the current cratering rates calculated by Smith i i
et al. (1982) from the Voyager observations are between our val- 1F e
ues of the current cratering rates for s, = 2.5 and s, = 3.5. I \

Kirchoff & Schenk (2009, 2010), presented the cumulative 01 1'0 160

number of craters of different sizes (N,(>D)) per 10° km? for se-
lected areas on each satellite. We take the data from their Figs. 6
and S1 in order to compare these observations with our calcu-
lated number of craters. We assume isotropy for the impacts
to calculate the number of craters produced on an area S; =
10° km? of the satellite.

Every mid-size satellite of Saturn is a unique world with dif-
ferent surface characteristics. So we will discuss our results for
the craters, distribution of craters, comparison with observations
and terrain characteristics in separate subsections. We have also
calculated the contribution of craters by escaped plutinos follow-
ing the same ideas used for Centaurs from the SD and find that
they are a negligible fraction of the production by Centaurs from
the SD, so we omit its contribution.

3.1. Mimas

Mimas is the smallest and innermost of the mid-sized Saturnian
satellites. The surface is composed of water ice. It is heav-
ily cratered and has the large impact crater known as Herschel
(130 km) on its leading hemisphere. From our calculations, the
largest crater produced by Centaurs on Mimas has a diameter
of 113 km (for s, = 3.5), which is on the order of the crater
Herschel. Kirchoff & Schenk (2010), used suitable resolution
images from Cassini that recorded impact craters of half of
Mimas’s surface. They suggested that the impactor population
may be lacking in large objects. Furthermore, they found that
the crater size-frequency distribution for Mimas and Dione are
very similar. Both surfaces have a high density of craters with
diameters ~10 < D < 30 km. Buratti et al. (2011), analyzed
spectroscopic observations of Mimas to search for plume activ-
ity in the satellite, but they did not find a measurable activity.
This suggests that any possible geologic activity at Mimas, if
there is any, is at a low level. Kirchoff & Schenk (2009, 2010)
present counts of craters on Mimas. In Fig. 2 we plot the ob-
served cumulative number of craters from KS09 (Fig. S1), to-
gether with our calculated cumulative number of craters for both
indices s, = 2.5 and s, = 3.5 of the impactor SFD. We can see

D [km]

Fig. 2. Cumulative number of craters calculated from our model with
the two values of the differential power-law index s, and the observed
cumulative number of craters taken from Fig. S1 of KS09.

that the observed curve is near our calculated curve for s, = 3.5,
and for D < 15 km the observed number of craters (N,) is less
than the calculated one (N.). The number of craters for s, = 2.5
is much less than the observed values. Kirchoff & Schenk (2009)
obtained the cumulative crater size-frequency distribution for
certain diameter ranges. For 4 km < D < 10 km the cumula-
tive slope is —1.548, for 10 km < D < 20 km it is —2.12, and
for 20 km < D < 70 km it is —3.0. From our calculations for
Mimas, these craters are produced under the gravity regime, and
then from Egs. (12) and (13) the cumulative slope of the crater
size-frequency distribution is —1.786 for s, = 2.5 and -2.976
for s, = 3.5. We can see that smaller craters have a SFD more
similar to the case where s, = 2.5, but for D > 20 km craters
that correspond to d > 0.6 km-impactors the cumulative slope is
very similar to the case where s, = 3.5. If the only source of the
observed craters were present Centaurs on Mimas, it would be
possible for the impactor SFD to have a break near d ~ 0.6 km.
If this were the case, N. would nearly fit N,. However, if there
were a geologic activity at Mimas, it could be that small craters
could have been erased and would be the reason for N, < N,
for D < 15 km.

3.2. Enceladus

The Cassini spacecraft completed three close flybys of
Enceladus between February and July 2005, the closest one
on July 14, 2005 down to 168 km from the surface. This en-
counter reveals interesting details of the surface of the satel-
lite. Enceladus is covered in almost pure water ice except near
its south pole where traces of CO, ice and simple organics
have been found (Brown et al. 2006). At the south pole a hot
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spot was found that is 20 K hotter than expected from mod-
els (Spencer et al. 2006), and a group of cracks on the sur-
face called “tiger stripes” (Porco et al. 2006). Furthermore,
the Cassini Spectrograph detected a plume of water vapor and
micron-sized water ice particles emanating from the south pole
region (Porco et al. 2006). The extra heat at the south pole
seems to be associated to the tiger-stripe cracks (Spencer et al.
2006). Newman et al. (2008) analyzed the distribution of crys-
talline and amorphous ices on Enceladus through photometric
and spectral data from Cassini. They show that the surface of
Enceladus is mostly crystalline, but at the tiger-stripe cracks a
higher degree of crystallinity and amorphous ice was found be-
tween these cracks. This result implies geological activity at the
tiger-stripe cracks and the production of amorphous ice at the
south pole either through radiation damage, cryovolcanic flash-
freezing, or rapid condensation of water vapor at the Enceladus
surface (Newman et al. 2008). All this suggests an active, evolv-
ing surface. Kirchoff & Schenk (2009), used Cassini images of
Enceladus to count and analyze the craters on the surface and
related the results with the satellite geological history. They an-
alyzed separately different types of terrain according to varia-
tions in crater density and geological features and obtained the
crater counts and size distributions. They obtained a variation of
crater density with latitude, the north and south mid-latitude be-
ing more densely cratered than the region restricted to the equa-
tor. They suggest that this distribution can be explained by burial
of material from Saturn’s E ring. The regions and areas analyzed
by KS09 (see Fig. 4) are cratered plains: cp-eq and cp-mid, and
regions:

rpl, rp2, rp3, rp4, 1p5, and rpb.

In Figs. 3 and 4 we plot the observed cumulative number of
craters from KS09 (Fig. 6), together with our calculated cumu-
lative number of craters for both indices s, = 2.5 and s, = 3.5 of
the impactor SFD. We can see that the observed curves for cp are
nearer our calculated curve for s, = 3.5, although N, < N, for
all plotted values of D. All the observed curves are below the cal-
culated curves for s, = 3.5. The number of craters for s, = 2.5
is much lower than the observed values.

Kirchoff & Schenk (2009) calculated the cumulative and dif-
ferential size-frequency distribution of craters and found that the
slope values vary with diameter within each terrain studied, so
the distribution cannot be represented by a simple power law
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for the entire surface of Enceladus. All the crater sizes analyzed
by KS09 are greater than the value of D; and so are produced
under the gravity regime. Then our calculated cumulative slope
of the crater size-frequency distribution is —1.786 for s, = 2.5
and —-2.976 for s, = 3.5. The values obtained by KS09 for
the crater plain are compatible with —1.786 for D < 4 km,
and for greater diameters it is smaller; in particular, for cp-mid
for 7 km < D < 30 km the slope is —2.99, compatible with
our case for s, = 3.5. For the other six terrains analyzed by
KS09, the slopes are variable and we cannot make a general
comparison or confirm any trend. However, for all terrains and
for all the observed crater sizes N, < N, if Centaurs are the
main present source of craters on Enceladus, there are craters
that must be erased. This is obviously compatible with the very
young and evolving surface that strongly erases the Enceladus
craters. Besides, we can see that the rpl region, a very active re-
gion near the tiger stripes, is the youngest region, and rp6 is the
oldest one as was already noted by KS09.

3.3. Tethys

The Cassini spacecraft performed several flybys of Tethys that
allowed the detection of the spectral properties of its surface.
It is heavily cratered and has two predominant features. One
of them is a large impact crater known as Odysseus (400 km
in diameter) and the other one is a very large fracture called
Ithaca Chasma whose extension is about 2000 km. Emery et al.
(2005) performed spectral measurements and found that there
is no component other than H,O. Kirchoft & Schenk (2010)
used high resolution images from Cassini and developed a count
of craters. They analyzed different terrains, the heavily cratered
plains, and the zone inside of Odysseus. The cratered plains are
probably older than the zone inside Odysseus, which could be
much younger. They concluded that the differences between both
terrains concerning the size distribution and different ages sug-
gests that the impactor population might have changed in time.

In Fig. 5 we plot the observed cumulative number of craters
from KS09 (Fig. S1), together with our calculated cumulative
number of craters for both indices s, = 2.5 and s, = 3.5. We
can see that the observed curve is near our calculated curve
for s, = 3.5, and for D < 10 km the observed counts be-
comes smaller than the calculated ones. The number of craters
for s, = 2.5 is much lower than the observed values.
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Kirchoftf & Schenk (2009, 2010) calculated the cumula-
tive slopes for the size-frequency distribution. For 0.2 km <
D < 10 km the cumulative slope is —1.728, and for 10 km <
D < 60 km is —2.2. From our calculations, craters greater
than 0.2 km are produced under gravity regime, so the cumu-
lative slope is —1.786 for s, = 2.5, and —2.976 for s, = 3.5. Our
results with s, = 2.5 are near the observed slope for 0.2 km <
D < 10 km, while for 10 km < D < 60 km the observed slope is
in the range of our calculated ones for both indices. So it is pos-
sible that the impactor SFD could have a break near d ~ 0.3 km
which produces a crater of D ~ 10 km. If this were the case,
N, will nearly fit N,.

Buratti et al. (2011) performed a spectroscopic analysis on
Tethys to search for plume activity, without success. Cassini
spectroscopic observations does not show evidence for plumes at
least at the threshold of detection. So current geological activity
cannot be excluded. The Buratti et al. (2011) results suggest that
any possible geological activity could be at a low level. So if this
activity exists, it could be the reason for N, < N, for D < 10 km.

3.4. Dione

The Cassini spacecraft performed several flybys of Dione, the
closest one going down to 99 km from the surface, whose main
goal was to determine its internal structure’. These encoun-
ters provide details of the surface allowing us to know its his-
tory. Clark et al. (2008) found that Dione’s surface is composed
mainly of water ice and it also has a dark component whose
spectral characteristics are similar to those found in the spec-
tra of lapetus, Phoebe, and in the F ring. Moreover, they sug-
gested a possible detection of activity. In fact, their observations
might indicate ejection of water ice and methane, but this needs
to be confirmed. Buratti et al. (2011) searched for plume activ-
ity in the satellite through spectroscopy, but they did not find
a measurable activity. Stephan et al. (2010) performed a study
of geological properties and spectral analysis of Dione. Their
results show that Dione’s surface is dominated by at least one
global process. Although they have not observed geologically
active regions, high spatial resolution images show clean wa-
ter ice implying that tectonic processes could have continued in
more recent times. Kirchoff & Schenk (2009, 2010) used high

2 http://saturn. jpl.nasa.gov/mission/saturntourdates/
2011saturntourhighlights/
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Fig. 6. Cumulative number of craters calculated from our model with
the two values of the differential power-law index s, and the observed
cumulative number of craters taken from Fig. S1 of KS09.

resolution images from Cassini to record impact craters in the
surface of Dione. The analysis was based on two types of ter-
rains, the heavily cratered plains (cp) and the smooth plains (sp).
They suggested that the cratered terrains are very old because
they are a record of an ancient bombardment, while the smooth
plains are younger.

In Fig. 6 we plot the observed cumulative number of craters
from KS09 (Fig. S1), together with our calculated cumulative
number of craters for both indices s> = 2.5 and s, = 3.5. We can
see that for s, = 3.5 the N, of cp-terrain is somewhat greater than
our calculated number of craters for D > 5 km. For D < 5 km,
the observed counts for cp begin to be fewer in number than the
calculated ones. The number of craters for s, = 2.5 is much
lower than the observed values. The observed sp curve is very
near the calculated one for s, = 3.5 indicating that those craters
may have been produced by present Centaurs from the SD.
However, there are no observations of craters less than 4 km, and
then we cannot compare with our calculations for these sizes.

Kirchoff & Schenk (2010) obtained the cumulative crater
size-frequency distribution from the observations. For cratered
plains for 0.25 km < D < 4 km the cumulative slope is b =
—-1.640, for 4 km < D < 10 km, b = —1.166, for 10 km <
D <30kmb = -2.31, and for 30 km < D < 150 km is —2.9.
For the smooth plains for 5 km < D < 10 km, b = -2.21, and
for 10 km < D < 45 km is —2.57. These crater sizes are pro-
duced under the gravity regime in Dione and so our calculated
values of b are —1.786 for s, = 2.5 and —2.976 for s, = 3.5.
For both terrains, smaller craters have a SFD more similar to
the case s, = 2.5, and for larger craters, the observed cumu-
lative slope corresponds better to the case s, = 3.5. So, for
craters with D ~ 10-30 km which corresponds to an impactor
size d ~ 0.4—1.4 km, the SFD of impactors could have a break
from a power-law index of the differential SFD of 3.5 for larger
craters to 2.5 for smaller ones. However, if geological activity
exists, as suggested by Clark et al. (2008), this could be the rea-
son for N, < N, for D < 5 km.

3.5. Rhea

Rhea was imaged and studied in detailed by Cassini from nu-
merous flybys. Its surface has a high albedo, suggesting a com-
position of water ice. Determinations of the density and the ax-
ial moment of inertia indicate that Rhea is a non-differentiated
body, almost homogeneously composed of 75% of ice water
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and 25% of rock (Anderson & Shubert 2007). Wagner et al.
(2008) observed that large craters and basins are abundant with
diameters of up to 500 km, but heavily degraded. They also
observed smoother areas with a paucity of smaller craters, but
no clear evidence for cryovolcanic resurfacing. The homoge-
neous interior proposed for Rhea implies that cryovolcanism as
an endogenous process of resurfacing is improbable. Stephan
et al. (2012) presented the analysis of the spectral character-
istics of Rhea from data obtained by the Visual and Infrared
Spectrometer of Cassini. They concluded that the major pro-
cess that affects the surface properties of Rhea is the interac-
tion between the surface material and the space environment that
includes the impacts of energetic particles from the magneto-
spheric plasma. They also concluded that this process could be
responsible for the concentration of dark material on the trail-
ing hemisphere. So, this is an exogenous process that erodes
the surface of Rhea. The spectral study by Stephan et al. (2012)
of different surface structures like fresh impact craters and tec-
tonic scarps implied the crust of Rhea is composed of clean wa-
ter ice. Teolis et al. (2010) detected from measurements on a
Rhea flyby, a tenuous atmosphere of oxygen and carbon dioxide
that appears to be sustained by the chemical decomposition of
the surface water ice under the irradiation from Saturn’s mag-
netospheric plasma. An outstanding feature on Rhea is a fresh
ray impact crater of ~50 km in diameter with an estimated age
of ~280 Myr or ~8 Myr (Wagner et al. 2008). From our calcula-
tions of the cratering rate and the number of craters produced by
Centaurs, we can estimate the age of that crater. The total num-
ber of craters greater than 50 km produced by Centaurs from the
SD on Rhea is N.(>50) = 33 (with s, = 3.5). From Eq. (1), the
current rate of production of craters greater than 50 km on Rhea
is C(>50) = 2.34 x 107 craters per year. So the youngest crater
produced by Centaurs has an age of 426 My. This age can be
considered in agreement with the previous age estimates.

Kirchoft & Schenk (2009, 2010) present counts of craters
for a ~22% of the total area of the satellite. In Fig. (7) we plot
the observed cumulative number of craters from KS09 (Fig. 6),
together with our calculated cumulative number of craters for
both indices s, = 2.5 and s, = 3.5. We can see, that for s, = 3.5,
N, of is somewhat greater than our calculated number of craters
for D > 5 km. For D < 5 km, the observed counts begins to be
less than the calculated ones. The number of craters for s, = 2.5
is much lower than the observed values. All this is very similar
to the analysis for Dione.
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Kirchoff & Schenk (2009, 2010), obtained the cumulative
crater size-frequency distribution for certain diameter ranges.
For 0.14 km < D < 10 km the cumulative slope is —1.44 and
for 10 km < D < 80 km is —2.024. From our calculations for
Rhea, craters greater than 0.1 km are produced under the gravity
regime and then we obtained from Eqgs. (12) and (13) that the cu-
mulative slope of the crater size-frequency distribution is —1.786
for s, = 2.5 and —2.976 for s, = 3.5. Our values for s, = 2.5 are
near the observed values. However, the calculation of the num-
ber of craters with so» = 3.5 is closer to the observations of KS09
and KS10. The fact that N, is less than N, for D < 5 km, could
be explained by the above mentioned exogenous process that
gradually erodes the surface of Rhea, thus erasing smaller craters
first, but which does not bury the largest craters. Moreover, since
the N. > N, for D > 5 km, there would be registers of a pri-
mordial crater contribution and/or another main source of craters
might exist.

3.6. lapetus

Images of Iapetus were obtained by Cassini during its orbits and
flybys. The most striking surface property is its unique albedo
dichotomy; the leading hemisphere is dark with a redder color
and an albedo of ~0.04 (named “Cassini Regio”) and the trail-
ing hemisphere and poles are bright with an albedo of ~0.6. The
other relevant feature on the lapetus surface is a near equato-
rial ridge system of aligned peaks that rise more than 20 km
above the surroundings plains and have in some sections three
nearly parallel ridges (Porco et al. 2005). This ridge seems to
be an old feature since it is cut by impact craters in some parts.
lapetus is heavily cratered implying that its surface is globally
ancient (Denk et al. 2010). Kirchoff & Schenk (2010) com-
pile crater distributions on both the bright and dark terrain of
Iapetus. They show counts for craters with D > 5 km which are
greater than our calculated values for both areas. This is con-
sistent with the observed high density of craters associated with
an old surface. Also KS10 obtained the cumulative crater size-
frequency distribution for certain diameter ranges. On the dark
terrain, for 0.2 km < D < 4 km the cumulative slope is —1.308,
and for 4 km < D < 80 km is —2.666. On the bright terrain,
for 4 km < D < 65 km, the cumulative slope is —1.7. These
crater sizes are produced under the gravity regime in Iapetus and
so from Egs. (12) and (13), the cumulative slope of the crater
size-frequency distribution is —1.786 for s, = 2.5 and -2.976
for so = 3.5. So for the dark terrain smaller craters have a SFD
more similar to the case where s, = 2.5, but for D > 4 km-craters
that correspond to d > ~0.2 km-impactors, the cumulative slope
is very similar to the case s, = 3.5. If the only source of the
observed craters were the present Centaurs, then the impactor
SFD could have a break near d ~ 0.2 km. For the bright ter-
rain the cumulative slope of the crater SFD is very similar to the
case where s, = 2.5. However, as mentioned the Iapetus surface
seems to have preserved old craters and so it is not clear if this
break corresponds to the present source of craters.

4. Discussion and conclusions

In this paper we have studied the production of craters on the
mid-sized Saturnian satellites. We calculated the number of
craters on the mid-sized satellites produced by Centaurs from
the SD and by plutinos. We used previous numerical simulations
of Centaurs, in particular the encounters output files of the simu-
lation that, together with a method developed for the calculation
of craters, allows us to calculate the production of craters on
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the satellites. We assumed a population of SDOs with a break
at a diameter d = 60 km (following the literature) such that
for d < 60 km two exponents of the differential SFD, s, = 2.5
and s, = 3.5, were considered. In the section of results we
showed the maximum crater sizes and the number of craters
on each satellite. The contribution of plutinos is negligible and
we made all calculations with the contribution of Centaurs from
the SD. The other heliocentric source of craters could be escaped
Jupiter and Neptune trojans. But at first we can say that it may
probably be a second-order contribution.

We also assumed a cratering law corresponding to water
ice for all the satellites considering both the gravitational and
strength regime. Then we obtained the cumulative crater size-
frequency distribution of craters for both regimes and also for
both exponents of the SFD used for the impactor population. It
was possible to calculate the current cratering rate for each satel-
lite, and it is shown in Table 3. Through the comparison of our
results with observation by Cassini it was possible to obtain very
interesting results. Since each satellite is a unique world, we have
made the comparison and analysis for each satellite in each of
the previous subsections. However, it is possible to make a gen-
eral analysis here. Comparing the number of craters, we noted
that the calculated number of craters for s, = 3.5 is in general
closer to the observed number of craters. The number of craters
obtained for s, = 2.5 is very small and inconsistent with obser-
vations. However, one cannot lose sight of the fact that we are
assuming that the only and most important source of craters are
Centaurs from SD.

In general, comparing the observed number of craters with
the calculated number for s, = 3.5, we found for smaller craters,
that the observed number is less than the calculated one. This
trend can be explained by two mechanisms. On the one hand,
this could be caused by an erasing process that gradually buries
the craters, but does not affect large craters, the size limit de-
pends on the satellite. For craters greater than this size limit, for
Dione and Rhea the observed number is greater than the cal-
culated one. This could mean that there are primordial craters
and/or another main source of craters might exist. There are pa-
pers that have analyzed planetocentric populations that can hit
the satellites, as mention in the introduction, but we cannot dis-
tinguish with our method and results if the other source of large
craters is this population or if they are primordial. This could
be answerd if we knew the geological process acting on each
satellite surface. On the other hand, we also noticed when com-
paring the calculated and observed crater size-frequency distri-
bution for different size ranges, that in general the size distribu-
tion index of SDOs (the impactors) for d < 60 km is consistent
with the assumed index s, = 3.5 for d > 0.2-1.4 km and
for d < 0.2-1.4 km, it is consistent with s, = 2.5. So in the
range d ~ 0.2—1.4 km the SFD of SDOs could have a new break
from s, = 3.5to s, = 2.5. This change of slope could explain the
reduction of small craters, at least for some cases. Particularly
for Enceladus, in all the observed terrains the calculated number
is less than the observed number, implying very young surfaces.
On the contrary, for lapetus our results are in agreement with an
old surface.

Although we found a good agreement when comparing our
results with observations, all our calculations are strongly depen-
dent on the number and size distribution of the initial impactor
population. So, it would be very useful to count on independent
determination of geological processes that could erode the satel-
lite surfaces to determine if there is a new break on the SFD of
SDOs, if there is really a planetocentric source of craters on the
Saturnian system, and which craters are primordial.
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