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a b s t r a c t

Resolution of Voyager 1 and 2 images of the mid-sized, icy saturnian satellites was generally not much
better than 1 km per line pair, except for a few, isolated higher resolution images. Therefore, analyses
of impact crater distributions were generally limited to diameters (D) of tens of kilometers. Even with
the limitation, however, these analyses demonstrated that studying impact crater distributions could
expand understanding of the geology of the saturnian satellites and impact cratering in the outer Solar
System. Thus to gain further insight into Saturn’s mid-sized satellites and impact cratering in the outer
Solar System, we have compiled cratering records of these satellites using higher resolution Cassini ISS
images. Images from Cassini of the satellites range in resolution from tens m/pixel to hundreds m/pixel.
These high-resolution images provide a look at the impact cratering records of these satellites never seen
before, expanding the observable craters down to diameters of hundreds of meters. The diameters and
locations of all observable craters are recorded for regions of Mimas, Tethys, Dione, Rhea, Iapetus, and
Phoebe. These impact crater data are then analyzed and compared using cumulative, differential and rel-
ative (R) size-frequency distributions. Results indicate that the heavily cratered terrains on Rhea and
Iapetus have similar distributions implying one common impactor population bombarded these two sat-
ellites. The distributions for Mimas and Dione, however, are different from Rhea and Iapetus, but are sim-
ilar to one another, possibly implying another impactor population common to those two satellites. The
difference between these two populations is a relative increase of craters with diameters between 10 and
30 km and a relative deficiency of craters with diameters between 30 and 80 km for Mimas and Dione
compared with Rhea and Iapetus. This may support the result from Voyager images of two distinct impac-
tor populations. One population was suggested to have a greater number of large impactors, most likely
heliocentric comets (Saturn Population I in the Voyager literature), and the other a relative deficiency of
large impactors and a greater number of small impactors, most likely planetocentric debris (Saturn Pop-
ulation II). Meanwhile, Tethys’ impact crater size-frequency distribution, which has some similarity to
the distributions of Mimas, Dione, Rhea, and Iapetus, may be transitional between the two populations.
Furthermore, when the impact crater distributions from these older cratered terrains are compared to
younger ones like Dione’s smooth plains, the distributions have some similarities and differences. There-
fore, it is uncertain whether the size-frequency distribution of the impactor population(s) changed over
time. Finally, we find that Phoebe has a unique impact crater distribution. Phoebe appears to be lacking
craters in a narrow diameter range around 1 km. The explanation for this confined ‘‘dip” at D = 1 km is not
yet clear, but may have something to do with the interaction of Saturn’s irregular satellites or the capture
of Phoebe.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Images from Voyager 1 and 2 provided an amazing first up-close
look of the saturnian satellites, which allowed researchers to explore
many features of these satellites (e.g., Shoemaker and Wolfe, 1981;
Smith et al., 1981, 1982; Strom and Woronow, 1982; Chapman,
1983; Hartmann, 1984; Horedt and Neukum, 1984; Morrison et al.,
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1984, 1986; Plescia and Boyce, 1985; Squyres and Croft, 1986; Squy-
res et al., 1987; Lissauer et al., 1988; Kargel and Pozio, 1996). Voyager
images, however, were generally not much better than approxi-
mately 1 km per line pair with some exceptions that achieved sev-
eral hundred meters per line pair for small regions (Smith et al.,
1981, 1982; Plescia and Boyce, 1985; Morrison et al., 1986; Lissauer
et al., 1988). Because the ability to recognize impact craters is depen-
dant on the image resolution (the crater diameter generally has to be
�5� the image resolution), analysis of impact crater distributions
was limited to diameters (D) of a few to tens of kilometers with Voy-
ager images. With this data some important issues were raised, but
unable to be satisfactorily resolved.
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One of these issues was the number of distinct impactor popu-
lations in the saturnian system and their origins. To many (Shoe-
maker and Wolfe, 1981; Smith et al., 1981, 1982; Strom and
Woronow, 1982; Horedt and Neukum, 1984; Plescia and Boyce,
1985; Chapman and McKinnon, 1986; Strom, 1987b; Kargel and
Pozio, 1996) the cratering data seemed to imply that two different
impactor populations were recorded. One population was charac-
terized by a greater number of larger craters (Saturn Population I
in Voyager literature), while a greater number of smaller craters
characterized the second population (Saturn Population II). Fur-
thermore, Population I was found on older terrains, including Rhea
and Iapetus, while Population II seemed to only appear on young
terrains of Enceladus, Tethys, Dione, and Mimas.

The hypotheses regarding the sources of these populations, how-
ever, varied. Shoemaker and Wolfe (1981), Horedt and Neukum
(1984), and Chapman and McKinnon (1986) all suggested that the
source for Population I was heliocentric comets and the source for
Population II was small planetocentric debris. This planetocentric
debris was composed of escaped secondaries from large basins and
remnants of disrupted satellites. Meanwhile, Smith et al. (1981,
1982), Strom and Woronow (1982), Strom (1987b), Plescia and Boy-
ce (1985), and Kargel and Pozio (1996) argued that the source for
Population I was planetocentric and composed of accretional rem-
nants (note Smith et al. (1981) suggested heliocentric comets as a
Fig. 1. Global mosaics of: (a) Mimas, (b) Tethys, (c) Dione, (d) Rhea, (e) Iapetus, and (f) P
Table 1. The regions used to compile the crater databases for D < 100 km are outlined in
Tethys, Dione, Rhea, and Iapetus. Smaller boxes indicate positions of high-resolution (h
cratered plains, sp – smooth plains.
possibility). Plescia and Boyce (1985) further suggested that the col-
lisionally evolved tail of the accretional remnants was the source for
Population II. They contended that the debris created by escaped
ejecta and disrupted satellites was not enough to create all the Pop-
ulation II craters. Kargel and Pozio (1996) agreed with this, but advo-
cated that these two impactor sources could combine with smaller
heliocentric comets to generate Population II craters. Finally, in
opposition to all of these hypotheses, Hartmann (1984, 1995) argued
that only one population was recorded, and that differences were
caused by saturation equilibrium and resurfacing affecting the crater
distributions. He proposed this one population would likely be helio-
centric asteroids, comets or some combination of both.

Since July 2004, the Cassini spacecraft has been improving on
the coverage initially obtained by Voyager 1 and 2, and thus has al-
lowed further study and understanding of the mid-size saturnian
satellites. The Cassini ISS camera has imaged the satellites at
>70% coverage at a resolution of 1 km/pixel or better (Fig. 1;
Table 1). The Cassini ISS camera has also been able to obtain a num-
ber (�25) of even higher resolution (<100 m/pixel) images of all
the satellites except Mimas (Table 2). With images such as these
the cratering records can be extended down to diameters of 1–
10 km globally and down to hundreds of meters in local regions.
This now allows further analysis of the cratering records of Saturn’s
mid-sized satellites.
hoebe used to compile the impact crater databases. Mosaic resolutions are given in
each map. The entire mosaic was used to compile craters D P 100 km for Mimas,

r) and very high-resolution (vhr) images (details of images given in Table 2). cp –



Table 1
Global mosaic resolution of Saturn’s mid-sized satellites.a

Satellite Resolution (m/pixel) Satellite Resolution (m/pixel)

Mimas 400 Rhea 1000
Tethys 400 Iapetus-dark 750
Dione 400 Iapetus-bright 400

a Mosaics shown in Fig. 1.
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Current work using crater distributions compiled from Cassini
images has involved preliminary analyses of the geologic histories
of Tethys, Dione, Rhea, Iapetus, and Phoebe, and constraining the
characteristics of impactor population(s). Analyses of Tethys have
been mainly focused on the formation of Ithaca Chasma and its
possible relation to the basin Odysseus (Giese et al., 2007), which
have indicated that Ithaca’s formation is not related to Odysseus’
formation. Only one set of work by Neukum et al. (2005) has fo-
cused on the computing absolute age of the heavily cratered ter-
rain, but they have exclusively used a lunar chronology. Wagner
et al. (2006) have initiated examination of Dione’s geology. They
have given a description and ages of the heavily cratered, wispy,
and smooth plains, but have not determined the full spatial extent
of these terrains and their relationships. Wagner et al. (2007) have
also begun to explore the global geology of Rhea, but noted there is
much work yet to be done. Work on Iapetus has primarily focused
on understanding the albedo dichotomy or the equatorial ridge
(Neukum et al., 2005; Porco et al., 2005; Denk et al., 2008; Giese
et al., 2008; Schmedemann et al., 2008). Analyses of Phoebe’s cra-
Table 2
High-resolution images used to compile impact crater distributions.

Terrains Image
numbera

Orbitb Resolution (km/
pixel)

Center lat./
long.

Tethys 1506220559 15 0.1 9�S, 22�W
1506222501 0.02 31�S, 24�W
1506222533 0.2 (WA) 43�S, 54�W

0.02 (NA) 43�S, 55.4�W
1506222566 0.2 (WA) 46�S, 98�W

0.02 (NA) 46�S, 98.5�W
Dione 1481766854 b 0.45 0�N, 300�W

1481766978
1481767088
1481767211
1481767266
1507745645 16 0.025 21�S, 237�W
1507745663 25�S, 225�W
1507745681 0.018 26�S, 225�W
1507745709 27�S, 215�W

Rhea 1511726954 18 0.035 11�S, 110�W
1511737558 0.01 10�S, 121�W
1511737577 0.006 11�S, 110�W
1511737677 0.01 10�S, 52�W
1511737694 0.1 9�S, 40�W
1511737711 7�S, 25�W

Iapetus 1568127661 49 0.1 0�, 163�W
1568128142 0.022 13�S, 167�W
1568128143 0.22 13�S, 167�W

Phoebe 1465674412 0 0.015 6�S, 250�W
1465674502
1465674604
1465674693
1465674782
1465674830
1465674917
1465674956
1465675034
1465675051
1465675070

a Cassini ISS image numbers.
b Letters and numbers represent Cassini orbits.
ter distribution (Porco et al., 2005; Richardson et al., 2006; Thomas,
2007) have shown that this irregular satellite had a history domi-
nated by collisions. Finally, initial analyses of impactor populations
using Cassini imaging have been in disagreement. Neukum et al.
(2005, 2006), Wagner et al. (2006), and Schmedemann et al.
(2009) argue for only one heliocentric population that is the same
as the one bombarding the Moon. Alternatively, Kirchoff and
Schenk (2009b) propose that the crater distributions reveal the sig-
nature of two populations, similar to the ones found with Voyager
data (e.g., Chapman and McKinnon, 1986).

These preliminary results have not yet been able to fully con-
strain the sources of impactor(s) and the geologic histories of the
saturnian satellites. Therefore, we here compile and compare our
own impact crater distributions of terrains on Saturn’s mid-sized
satellites Mimas, Tethys, Dione, Rhea, Iapetus, and Phoebe to con-
tinue to place constraints on these satellites’ geologic histories and
on impactor population(s). We do not include Enceladus here as
we have a companion paper that focuses on what the impact crater
distribution reveals about Enceladus’ geologic history (Kirchoff and
Schenk, 2009a). Cumulative, differential and relative (R) size-fre-
quency distributions are used to analyze the data.

Our data indicate that for crater diameters less than 4 km and
diameters greater than 80 km the distributions in the cratered
plains (cp) of Mimas, Tethys, Dione, Rhea, and Iapetus are very sim-
ilar. For craters with diameters between 4 and 80 km, however, the
size-frequency distributions for Rhea and Iapetus have constant R-
values, while R-values for Mimas, Tethys, and Dione first increase
until D � 10 km, then decrease. This possibly implies that there is
one common background impactor population that has bombarded
all the satellites, but that has been modified for 4 < D < 80 km on
some of the satellites. One possible modification that agrees with
the higher density of relatively smaller craters and lower density
of relatively larger craters on Mimas, Dione, and Tethys compared
with Rhea and Iapetus is the addition of Saturn Population II as
introduced in Voyager analyses (e.g., Chapman and McKinnon,
1986) to the background.

Meanwhile, Phoebe’s impact crater distribution at small diame-
ters (<2 km) appears to be different from all of the other regular
mid-sized satellites. There seems to be a lack of craters of a very
narrow size range around 1 km in diameter. The cause of this ‘‘dip”
is currently unknown. One speculation is that the impactor popu-
lation for irregular satellites is different and unique to these satel-
lites. There has been some evidence for a similar distribution on
the irregular satellites Hyperion, Telesto, and Epimetheus (Rich-
ardson and Thomas, 2007; Thomas, 2007). Therefore, the unique
distribution may be caused by interactions between the irregular
satellites. Another speculation we suggest are that the dip is due
to in some way the capture of Phoebe.
2. Methods

2.1. Images

Impact crater distributions are generated from publicly released
Cassini ISS images, in some cases combined with the highest reso-
lution Voyager images where gaps in the Cassini images exist. For
this analysis, we have recorded craters from controlled global
mosaics of Mimas, Tethys, Dione, Rhea, and Iapetus. Table 1 indi-
cates the resolutions and Fig. 1 shows the mosaics and outlines
of the regions counted. We have also recorded craters from con-
trolled high-resolution (hr) to very high-resolution (vhr) images
of Tethys, Dione, Rhea, Iapetus, and Phoebe. Descriptions of these
images are summarized in Table 2. Placement of the high-resolu-
tion images in global context is noted by small boxes in Fig. 1. Re-
gions and images are chosen such that the imaging has neither too



Table 3
Cumulative and differential slopes.

Terrain Diameter range (km) Cumulative slope Differential slope

Mimas 4–10 �1.548 ± 0.004 �2.1 ± 0.1
10–30 �2.23 ± 0.02 �2.8 ± 0.3

Tethys-cp 0.2–10 �1.701 ± 0.002 �2.71 ± 0.02
10–65 �2.22 ± 0.02 �3.2 ± 0.2

Dione-cp 0.25–4 �1.640 ± 0.007 �2.56 ± 0.07
4–10 �1.166 ± 0.004 �2.02 ± 0.09
10–30 �2.31 ± 0.02 �3.2 ± 0.2
30–150 �2.9 ± 0.1 �3.8 ± 0.4

Dione-sp 5–10 �2.21 ± 0.02 �2.5 ± 0.2
10–45 �2.57 ± 0.08 �3.6 ± 0.4

Rhea-cp 0.1–80 �1.823 ± 0.002 �2.77 ± 0.02

Rhea-
‘‘secondaries”

0.06–1.5 �2.723 ± 0.006 �3.67 ± 0.06

Iapetus-dark 0.2–4 �1.308 ± 0.004 �2.30 ± 0.04
4–80 �2.666 ± 0.006 �3.38 ± 0.07

Iapetus-bright 4–65 �1.70 ± 0.01 �2.6 ± 0.1

Phoebe 0.15–1 �2.348 ± 0.002 �2.93 ± 0.04
1–4 �1.0 ± 0.1 �1.6 ± 0.6

Note: see text for calculation of slopes and errors. cp – cratered plains, sp – smooth
plains.
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large nor too small solar incidence angle, so that images are not too
dominated by shadows for the former or that topography is not
well defined by shadows for the latter. Terrains used have inci-
dence angles roughly between 60� and 88�.

Using the global mosaics, we have completed counts for craters
with D P 100 km (‘‘basins” in Sections 2–8). Counts generated here
for D < 100 km, however, are from a considerable number, but not
all, of the images suitable for crater recognition (see Sections 2–8).
For these diameters, our distributions are preliminary, but should
be a good representation of our final distributions. Future work
will complete these counts from the remaining images (and new
images from Cassini’s extended mission). After our distributions
are finalized, we will compare our results to previous Voyager
and Cassini results to determine how well our dataset compares
with others. Comparing crater distributions between different cra-
ter counters is currently the best way to verify if the counts are an
accurate representation of the distribution.

2.2. Crater counting

Kirchoff’s crater counting technique has been described in detail
in Kirchoff and Schenk (2009a). Global mosaics (Fig. 1) are divided
into preliminary geologic units so that counts from different types
of terrains are not combined inappropriately. At least 1=4 of the cra-
ter rim had to be recognizable to be included in the database. We
have tried to reduce contamination by secondaries of the small pri-
mary crater databases by not using the few high-resolution and
very high-resolution images obviously dominated by dense fields
of secondary craters in close association with larger primary cra-
ters. We do recognize, however, that distant, isolated secondary
craters cannot currently be differentiated with any certainty from
small primary craters, and that this contamination may be consid-
erable for diameters (D) less than 1 km (Bierhaus et al., 2001, 2005;
Chapman et al., 2002; McEwen and Bierhaus, 2006). Therefore, we
do not use crater densities for D < 1 km to determine relative ages.
The issue of contamination of our counts by secondaries will be
revisited in Section 6. Features identified as catenae, or impact cra-
ter chains, like those on Ganymede and Callisto (McKinnon and
Schenk, 1995), were counted such that each identifiable crater
within the chain was included as an individual feature. Finally,
the diameter measurements included in the database are P10
times the resolution of the image they are derived from to avoid
biases in the distribution at smaller diameters near the resolution
limit.

We present the results of our crater counts in two formats. The
first is plotting the size-frequency distribution in the relative (or R)
plot format (Crater Analysis Techniques Working Group, 1979).
The R-plot is the ratio of the differential form of our data to a
size-frequency distribution with differential slope equal to �3.
The error bars are ±N0.5, where N is the number of craters in a given
diameter bin.

The second format is the cumulative and differential slopes of
the size-frequency distributions. The cumulative size-frequency
distribution is given by (e.g., Melosh, 1989)

NðP DÞ ¼ c1Db1; ð1Þ

and the differential size-frequency distribution is given by (e.g., Me-
losh, 1989)

dNðP DÞ=dD ¼ c2Db2; ð2Þ

where c1 and c2 are constants and b1 and b2 are the cumulative and
differential slopes. We have calculated the cumulative and differen-
tial slopes for certain diameter ranges (see Table 3) of the data
shown for each satellite in Supplementary Figs. S1 and S2. The
slopes were not calculated for some diameter ranges on each satel-
lite either because the diameter range is not covered by more than
two differential bins or the included bins did not contain more than
two craters, both of which result in unreliable fits. For these diam-
eter ranges comparisons between size-frequency distributions must
remain qualitative. Where appropriate, the slopes and their errors
are calculated using a standard linear weighted least squares
analysis that minimizes v2 (Bevington, 1969). We transform the
power-law equations for cumulative and differential size-frequency
distributions into log–log space to obtain a linear equation (in a
generalized form)

log N ¼ log c þ b log D: ð3Þ

Because of this transformation, the weights cannot be simply set
equal to the N0.5 error on each data point. These errors must be mod-
ified through multiplying by df(N)/dN, where f(N) = log(N). There-
fore, the weights are equal to [(log(e) � N)/N0.5]2, where e is the
base of the natural logarithm. Throughout the discussion of the data
we will refer to slopes that are ‘‘shallow” or ‘‘steep”. By the label
‘‘shallow” we will indicate cumulative slopes P�2 and differential
slopes P�3. By the label ‘‘steep” we will indicate cumulative slopes
<�2 and differential slopes that are <�3.
2.3. Computing ages

We estimate relative ages the terrains discussed here from their
cumulative crater densities for D P 5 km. Because we would like to
compare ages of terrains from different satellites that have differ-
ent cratering rates, the crater densities must be scaled to a com-
mon rate. Therefore, we use intersatellite diameter scaling for
simple craters in the gravity regime as presented in Chapman
and McKinnon (1986) to scale the crater diameters on Mimas,
Tethys, Dione, Rhea, and Phoebe to their size on Iapetus. Chapman
and McKinnon (1986) demonstrated that craters with D P 5 km on
the saturnian, icy satellites are formed in the gravity regime using
computations of the mechanics of impact crater formation. Mean-
while, McKinnon et al. (1991) demonstrated that complex craters
on the icy satellites use the same scaling as simple craters because
the transient crater diameter appears to be approximately equal to
the final crater diameter for complex craters. Therefore, scaled
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crater diameters on the satellites are computed with (Chapman
and McKinnon, 1986)

Dscaled ¼ ðgIap=gsatÞ
�a=3ðuIap=usatÞ2a=3Doriginal; ð4Þ

where gIap and gsat are the surface gravities of Iapetus and the other
satellite, uIap and usat are the impact velocities on Iapetus and the
other satellite, and a is an experimentally determined constant
based upon the target material. We use the surface gravities and
impact velocities given in Zahnle et al. (2003) for each satellite.
We set a = 0.65, which is determined for soft rock (Holsapple,
1993) and may be most appropriate for ice. Once the scaled crater
diameters are calculated, the scaled cumulative density is com-
puted, and the values are compared to determine relative ages.

For now we have chosen not to compute absolute ages. While
cratering rates have been estimated for the saturnian satellites
for younger ages ([3 Gyr), the errors on these rates is a factor of
4 (Zahnle et al., 2003), which generally produces error on the ages
of more than 2 Gyr. Therefore, the absolute ages for younger ter-
rains cannot be estimated with any precision. Furthermore, ages
for the oldest terrains (>3 Gyr) cannot be estimated, because the
cratering rates are unknown. Cratering rates do not appear to be
constant beyond �3 Gyr (and possibly even before 3 Gyr) as evi-
denced through studies of the lunar cratering record (e.g., Bottke
et al., 2008), and the dynamical evolution of the outer Solar System
impact source regions (e.g., Levison et al., 2008). Therefore, we can-
not assume that the current cratering rates calculated by Zahnle
et al. (2003) can be extrapolated past �3 Gyr for the saturnian sat-
ellites. Furthermore, current data is insufficient to constrain how
cratering rates evolved beyond �3 Gyr. Did the saturnian system
also experience a late heavy bombardment spike like our Moon,
or was did the bombardment decline steadily? Finally, although
a reasonable cratering chronology has been determined for the
Moon (e.g., Stöffler et al., 2006 and references therein), we argue
that it cannot be used to date surfaces ages for the outer Solar Sys-
tem because the Moon was likely cratered by a different set of imp-
actors than the Saturn system (e.g., Shoemaker and Wolfe, 1982;
Chapman and McKinnon, 1986; Zahnle et al., 1998, 2003).
Fig. 2. Relative (R) size-frequency distribution of Mimas cratered plains. The
relative plot (R-plot) shows the ratio of the actual distribution to a distribution with
a differential slope of �3 in log–log format with N0.5 error bars, where N is the
number of craters in that bin. Diameters are binned by (20.5)D. Mimas’ distribution
appears to be complex with several slope changes. cp – cratered plains, basins –
craters with D P 100 km.
3. Mimas

Crater counts have been performed for about half of Mimas’ sur-
face (Fig. 1). This encompasses almost all of the area that has a suit-
able resolution and solar incidence angle to adequately recognize
craters. While the regions covered by lower resolution (>400 m/
pixel resolution of the mosaic) could be counted, the data gained
would not be as comprehensive; therefore, we have forgone com-
piling counts from these regions for now in order to continue to
compile more comprehensive crater counts on other surfaces. Data
from these regions will be gathered as part of future work.

When combining the data as shown in Fig. 2 with the cumula-
tive and differential slopes given in Table 3 (derived from Supple-
mentary Figs. S1 and S2), we find that Mimas’ distribution changes
slope. For smaller craters (D [ 10 km) the slopes are shallow and
R-values slowly increase. The distribution then gets steeper as
the craters get larger and R-values decrease. This suggests that
the impactor population may be deficient in larger objects. From
Voyager data, a second population of impactors deficient in larger
objects, often referred to as ‘‘Saturn Population II”, was interpreted
to dominate Mimas’ cratering record (e.g., Chapman and McKin-
non, 1986). This source of the population was debated, but likely
seems to be primarily composed of planetocentric impactors.
Whatever the source, Cassini data also seems to indicate an impac-
tor population deficient in large impactors, at least on Mimas. We
explore the possibility of two different impactor populations and
their possible sources in Section 9.
4. Tethys

The results presented here will focus on two terrains on Tethys:
the heavily cratered terrain and the interior of the large basin
Odysseus. Studying the crater distribution of the heavily cratered
terrain provides information on Tethys’ ancient bombardment his-
tory. The distribution within Odysseus provides information about
relatively more recent bombardment history, as Odysseus is likely
a relatively young basin. The relative age given for the cratered
plains and Odysseus in Table 4 indicates that Odysseus could be
�4–9 times younger than the cratered plains. If we assume that
the cratered plains are J 4 Gyr, then Odysseus could range in
age from about 400 Myr to 1 Gyr.

For the heavily cratered terrain we have compiled data from
high-resolution images and the global mosaic. Cassini has, so far,
provided two very high-resolution images of Tethys’ heavily cra-
tered terrain with resolutions of 20 m/pixel, along with three
high-resolution images with resolutions of 200 m/pixel, that were
suitable for crater counting. The global mosaic is at a resolution of
400 m/pixel (Table 1) and most of Tethys’ surface is imaged at this
resolution (Fig. 1). About 75% of the mosaic also has a solar inci-
dence angle that is good for recognizing craters. We have counted
craters on about 1/3 of this available area. This likely provides a
reasonable approximation of the distribution of Tethys’ heavily
cratered plains. Future work, however, will complete these counts
to gain our most thorough representation of the distribution and
look for spatial density variations across the surface. The data for
the interior of Odysseus has been compiled from the global mosaic
as well.

Fig. 3 shows the impact crater distributions in R-plot format for
Tethys’ heavily cratered plains and the interior of Odysseus. We
observe from Fig. 3 and Table 3 that Tethys’ cratered plains distri-
bution has several changes in slope with increasing diameter. At
small diameters the slope is shallow and R-values slowly increase
(slope value for 0.2 6 D 6 10 km), then the slope steepens and R-
values decrease for diameters between 10 and 60 km. For
60 < D < 100 km, the data is insufficient to calculate reliable slope
values, but qualitative analysis of Figs. 3, S1, and S2 indicate that
R-values decrease more steeply and may imply that the slopes be-
come even steeper. This pattern suggests that the distribution is
lacking larger craters with D � 100 km. On the other hand, the data
for Tethys does seem to indicate that more basins with D > 200 km
are present (i.e., increasing R-values) than would be predicted if
the trend for craters between 60 and 200 km continued to larger
diameters. This trend also seems to occur on Dione, Rhea, and Iape-



Table 4
Relative terrain ages for D P 5 km.

Terrain Cumulative crater density Scaled densitya Relative age to Odysseusb Relative age to Dione-spb Relative age to Mimasb

Mimas 4497 ± 136 844 ± 59 4.2–7.3 1.0–1.3 –
Tethys-cp 2978 ± 272 910 ± 188 3.8–8.9 61.6 61.4
Tethys–Odysseus 717 ± 71 156 ± 33 – – –
Dione-cp 2723 ± 1467 1089 ± 823 1.4–15.5 62.8 62.4
Dione-sp 2327 ± 112 743 ± 63 3.6–6.6 – –
Rhea-cp 2759 ± 480 1422 ± 531 4.7–15.9 1.1–2.9 1.0–2.5
Iapetus-dark 2687 ± 1501 2687 ± 1501 6.3–34.0 1.5–6.2 1.3–5.3
Iapetus-bright 1846 ± 112 1846 ± 112 9.2–15.9 2.2–2.9 1.9–2.5
Phoebe 2233 ± 1117 1117 ± 790 1.7–15.5 62.8 62.4

Note: cp – cratered plains, sp – smooth plains.
a Cumulative crater density for D P 5 km scaled to Iapetus (see text for description).
b Values are the ratio of the scaled density of the terrain specified in the row to the terrain specified in the column header.

Fig. 3. Relative (R) size-frequency distribution of terrains on Tethys. hr – high-
resolution, vhr – very high-resolution. Other details as described in Fig. 2. The
distribution for Odysseus’ interior appears different from the distribution for
Tethys’ cratered plains. This possibly implies the impactor population changed over
time at Tethys, as Odysseus is a relatively young basin (Table 4).
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tus. The implications of this trend will be discussed further in Sec-
tion 9, when we compare the distributions.

Finally, we qualitatively compare (Fig. 3) the cratered plains
distribution to the distribution for the interior of Odysseus, which
is representative of younger terrains. The distributions for the
diameter range encompassed (4 6 D 6 20 km) appear to be differ-
ent. While the R-values are increasing for 4 6 D 6 8 km for the cra-
tered plains, they are decreasing for Odysseus. Then for D > 8 km,
the R-values have more variation for Odysseus than for the cra-
tered plains. These differences, if real, may indicate that the impac-
tor population changed over time to either gain more small
impactors and/or less larger ones, at least for Tethys and crater
diameters 4 6 D 6 20 km. A speculation for the relative increase
in small craters on the young terrain is that the flux of Saturn Pop-
ulation II impactors has been more recent. This, however, is not
consistent with the hypothesis that Population II is common on
Mimas’ surface, which is likely older than Odysseus (Table 4). An-
other speculation is that the flux of Population II impactors has
actually been fairly constant through time, and the population is
more visible on the younger terrain, which has less overall bom-
bardment to conceal a second population. Additional young ter-
rains need to be imaged at comparable or better resolutions, so
that more crater distributions can be compiled and compared,
and these possible distribution changes, along with the possible
reasons, can be better constrained.
5. Dione

For Dione, our discussion will concentrate on the heavily cra-
tered plains and the smooth plains. Dione’s heavily cratered plains
likely have not been resurfaced and record ancient bombardment
of Dione. The smooth plains, however, are suggested to be an area
of resurfacing (Table 4, Smith et al., 1981; Plescia and Boyce, 1982,
1985; Plescia, 1983; Moore, 1984; Morrison et al., 1986; Wagner
et al., 2006). The relative ages computed (Table 4) indicate that
the smooth plains could be �3 times younger than the cratered
plains. If we assume that Dione’s cratered plains are J 4 Gyr, then
the smooth plains may be as young as �1.5 Gyr. Therefore, study-
ing the crater distribution of the smooth terrains in comparison to
the heavily cratered plains may provide information about the
temporal evolution of impactors at Dione’s orbit.

For Dione’s crater plains we have compiled data from four very
high-resolution images with resolutions of 25 m/pixel and the glo-
bal mosaic with a resolution of 400 m/pixel. Approximately 90% of
the cratered plains is imaged at �400 m/pixel, and �75% of that
has the appropriate solar incidence angle for the best crater recog-
nition (Fig. 1). Of the countable area we have recorded craters for
�30% (Fig. 1). This provides a close approximation of the heavily
cratered plains distribution. For the smooth plains, we only have
the global mosaic to use to compile our database. The smooth
plains make up �30% of Dione’s surface (Fig. 1). Most of this has
been imaged at 400 m/pixel and has a good viewing geometry
for recognizing craters. We have recorded craters for �50% of this
terrain (Fig. 1). Although not complete, these counts supply the
necessary data to closely approximate Dione’s smooth plains crater
distribution. Part of future work will be to complete the global mo-
saic counts for both the smooth and cratered plains.

For diameters less than 10 km, Dione’s cratered plains distribu-
tion starts off with a shallow slope and slowly increasing R-values.
Then the slope becomes steeper at larger diameters (up to
D = 150 km), indicating that craters greater than �50 km are lack-
ing in relation to smaller ones (Fig. 4; Table 3). A relative increase
of basins with diameters larger than 200 km is qualitatively indi-
cated in Fig. 4.

When comparing Dione’s cratered plains to the plausibly youn-
ger smooth plains, the distributions appear similar within error for
10 [ D [ 40 km, but the distribution on the smooth plains may
have a shallower slope for D < 10 km (Fig. 4; Table 3). This may im-
ply that the dominant impactor population at Dione gained more
relatively large impactors or lost relatively small ones over the pos-
sible �2 Gyr represented. This result is in contrast to the one from
Tethys using Odysseus as the representative younger terrain. Con-
ditions could be different from Tethys’ orbit to Dione’s, especially if
the impactor population is dominated by planetocentric debris at
Dione (i.e., if the impactor population at Dione was dominated
by planetocentric debris early in its history and this population
has declined, then a relative decrease in smaller impactors may
be expected). Another speculation is that the time frame repre-
sented by the smooth plains on Dione and Odysseus is significantly
different. Therefore, the two distributions could represent either



Fig. 4. Relative (R) size-frequency distribution of terrains on Dione. sp – smooth
plains. Other details as described in Figs. 2 and 3. The lower R-values for the smooth
plains imply that they are relatively younger than the cratered plains. The shape of
Dione’s smooth plains distribution appears to have some similarity to the cratered
plains distribution.
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the heliocentric or the planetocentric impactor population(s) at
different times.
6. Rhea

Presently Rhea does not currently appear to have any large, rel-
atively younger (�same relative age as Odysseus or Dione’s smooth
plains) terrains imaged at high enough resolution for temporal
analysis. Imaging of Rhea, however, has provided high-resolution
images of sections of a young, fresh complex impact crater
(D � 50 km) that record a set of potential secondary craters
Fig. 5. High to very high-resolution images obtained by Cassini ISS of terrain on Rhea nea
fields. (A) High-resolution image (# 1511726954) with a resolution of 35 m/pixel. (B) V
image details can be found in Table 2.
(Fig. 5). We suggest these craters are secondaries based upon their
small size (D < 2 km), the indication of clustering in some areas,
and occasional irregular shapes. The images have resolutions of 6
and 35 m/pixel and provide an excellent opportunity to determine
and compare the distributions of secondaries to the cratered plains
distribution. This comparison may indicate if crater distributions
from heavily cratered regions on Rhea are heavily contaminated
by unrecognized secondaries. For this investigation, we only need
to recognize that these craters are secondaries and knowledge of
the source is not essential. Therefore, we will explore their source,
which is currently somewhat ambiguous, as part of a separate
investigation that will include the more recent �45 m/pixel flyby
image of this crater.

The counts for the heavily cratered plains are from one very
high-resolution image (10 m/pixel), three high-resolution images
(100 m/pixel), and the 1 km/pixel global mosaic (Table 2; Fig. 1).
Approximately 75% of the global mosaic has sufficient resolution
and suitable solar incidence angle to best recognize craters. Of this
area, we have counted �50% (Fig. 1). This provides excellent statis-
tics for much of the diameter range (1 6 D 6 100 km) covered and
a very good representation of Rhea’s cratered plains distribution.
Future work will complete these counts to construct a comprehen-
sive global distribution.

Results indicate that Rhea’s cratered plains have a relatively sim-
ple distribution with only a few slope changes (Fig. 6; Table 3). The
slope is generally shallow for the craters range D = 0.1–80 km. Then,
for 80 6 D 6 200 km, the rapidly decreasing R-values qualitatively
indicate that the slope steepens considerably. This trend implies that
smaller basins (D � 100 km) are more abundant than the larger
ones. R-values then increase for D > 200 km to indicate that basins
r a large primary crater (D � 50 km) suggested to be dominated by secondary crater
ery high-resolution image (# 1511737577) with a resolution of 6 m/pixel. Further



Fig. 6. Relative (R) size-frequency distribution of Rhea cratered plains. Details as
described in Figs. 2 and 3. Rhea’s distribution generally has shallow slopes until
D � 80 km. Basins with D � 150 km appear to be relatively deficient. The distribu-
tion of ‘‘secondaries” has a different slope from the cratered plains distribution
implying contamination by unidentified secondaries in the cratered plains may be
minimal.
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�200 km are less abundant than craters larger than 200 km. The dis-
tribution for D < 1 km, which are the counts from the one very high-
resolution image, appears to skew to much higher densities (R-val-
ues) than might be implied by continuing the trend from the larger
diameters. While the data accurately represents the distribution in
this one very small area (17 km2), the distribution may not accu-
rately represent Rhea’s cratered plains in this diameter range. The
larger error bars on the bigger diameter bins (D > 0.4 km) of Rhea’s
distribution from this very high-resolution image imply that the sta-
tistics are not very robust and are a result of small number statistics.
To resolve this issue and obtain a more accurate representation of
the distribution, additional images of Rhea’s cratered terrain at com-
parable resolutions are needed.

When our cratered plains distribution for Rhea, which could
have some contamination by secondaries (Bierhaus et al., 2001,
2005; Chapman et al., 2002; McEwen and Bierhaus, 2006), is
compared to our distribution from the images likely dominated
by secondaries (Fig. 5), the size-frequency distributions (0.1 6 D
6 1.5 km) are demonstrated to be very different (Fig. 6; Table 3).
As discussed above, the cumulative slope of the cratered plains
in the diameter range typically applicable for secondary craters
(0.1 6 D 6 1 km) is very shallow (�1.8). Meanwhile, the cumula-
tive slope of the presumed secondaries is steeper (�2.7). On the
R-plot, they cross one another further demonstrating they are
two different populations. The steeper slope for the distribution
proposed to be secondaries (McEwen and Bierhaus, 2006) supports
the hypothesis that this could be a population of craters formed by
secondary impacts of ejecta from a nearby crater. To further justify
this argument, we will examine in detail the morphology and
topography of these craters as part of future work, along with look-
ing for secondaries on the other satellites. Finally, we argue that
the very shallow slope and lack of any similarity of the distribu-
tions on the R-plots implies that our crater plains distribution is
relatively uncontaminated by secondaries. While we do not claim
that Rhea’s (or any other satellites) cratered plains distribution is
completely free of secondaries, they appear to be a very minor con-
tribution and are not affecting our overall results.
Fig. 7. Relative (R) size-frequency distribution of both Iapetus bright and dark
cratered plains. Details as described in Figs. 2 and 3. The crater distributions on
Iapetus’ dark and bright terrains appear very similar within error, where data
overlap. This implies that both terrains have had similar geologic histories.
7. Iapetus

Examination of Iapetus’ cratering record focuses on the heavily
cratered plains. We have compiled crater distributions on both the
bright and dark terrains of Iapetus. For the dark terrain, counts have
been obtained from one very high-resolution image (22 m/pixel),
two high-resolution images (100 and 220 m/pixel) and a global mo-
saic with a resolution of 750 m/pixel (Table 2; Fig. 1). In the global
mosaic, within the dark terrain, �60% of the imaging is suitable for
recognizing a majority of craters. Of this, we have counted craters
from 80%. This provides us with a very good representation of the
crater distribution of Iapetus’ dark terrain. For the bright terrain,
counts have been obtained from a global mosaic with a resolution
of 400 m/pixel (Fig. 1). Approximately 30% of the bright terrain is im-
aged at resolutions and solar incidence angles suitable to best recog-
nize craters. The distribution presented here is compiled from
counts incorporating about half of the available area.

Results (Fig. 7; Table 3) indicate that the bright terrain has a
similar, if slightly shallower, distribution for craters with diameters
between 4 and �70 km to the dark terrain within error bars. A pos-
sible difference, however, is that the dark terrain may have a high-
er density of craters with diameters between 4 and 10 km (i.e.,
larger R-values). One set of high-resolution data indicates similar
densities while another indicates higher densities. This may be fur-
ther indication that small areas of terrain could have differing size-
frequency distribution due to the stochastic nature of impact cra-
tering. With two equally valid datasets indicating two different
conclusions, we cannot definitively conclude that the dark and
bright terrain distributions are different or the same for this diam-
eter range. The argument could be made that because the distribu-
tions are so similar for the larger crater diameters, the data
indicating higher densities may be the random variation and the
other is the more accurate representation.

Iapetus’ cratered plains distribution, making the assumption
that the bright and dark terrains record the same impactor popula-
tion, has a shallow slope for crater diameters between 0.2 and
80 km (Fig. 7; Table 3). For craters with 80 6 D 6 100 km, the R-va-
lue data indicates that mid-sized basins (D � 100 km) are relatively
depleted when compared to smaller basins. Finally, the R-values
increase, indicating that basins with D P 200 km are more numer-
ous. Implications will be discussed in Section 9 when Iapetus is
compared to the other satellites, as this tendency does not seem
to only occur on Iapetus, as described in previous sections.
8. Phoebe

Lastly, we look at the irregular satellite Phoebe. Phoebe is over-
all very different from the other satellites mentioned here. It is not
round, but potato shaped and small (radius = 106 km) (Smith et al.,
1982; Thomas et al., 1986; Porco et al., 2005). Phoebe also has a
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retrograde orbit, is very distant from Saturn, and has a much darker
albedo (except for Iapetus’ dark terrain) (e.g., Smith et al., 1982;
Thomas et al., 1986; Porco et al., 2005). Phoebe’s unusual orbit
has led some researchers to hypothesize that Phoebe is a captured
object (Pollack et al., 1979; Burns, 1986; Cuk and Burns, 2004; Kor-
tenkamp, 2005; Porco et al., 2005; Nesvorný et al., 2007). Phoebe
has also likely interacted considerably with the other irregular sat-
ellites, such as Hyperion (Nesvorný et al., 2003; Porco et al., 2005).
Here we will present the data we have compiled on Phoebe’s im-
pact crater distribution from a high-resolution image mosaic
(15 m/pixel; Table 2). Presently, we have no counts from the global
mosaic, and future work will include compiling a crater database
from the global mosaic. Future work will also include determining
crater distributions of Hyperion, Epimetheus, Telesto, and Janus for
analysis and comparison.

The data from Phoebe indicate that its size-frequency distribu-
tion has relatively constant R-values at small diameters
(D [ 1 km), but then has a sudden and confined dip in R-values
around D � 1.5 km (Fig. 8). Beyond this dip (D J 2 km) the R-val-
ues increase, but error bars get large and the data for these larger
diameters may not be as reliable.

The dip is an intriguing feature and difficult to explain. One spec-
ulation is that the feature could be related to Phoebe’s capture. The
feature could have been produced when Phoebe was in another part
of the Solar System as part of another population of objects or as
Phoebe was being captured (e.g., collisions with another object or
flying through a debris field). An argument against this is that a
size-frequency distribution similar to Phoebe’s has not been found
on other bodies outside of the Saturn system. This argument is weak-
ened by the fact that the crater distribution of other small outer Solar
System objects has been limited (mainly to the Jupiter system), so we
do not have a good database for comparison, which would include
Kuiper Belt objects, etc. This distribution, however, has been found
on other irregular saturnian satellites, such as Hyperion, Epimethius,
and Telesto (Richardson and Thomas, 2007; Thomas, 2007). This
might mean that the dip is related to how irregular satellites interact
with one another. Numerical modeling of interactions between the
irregular satellites would be necessary to determine if this is the
case.
9. Intersatellite comparisons of heavily cratered Terrains on
Saturn’s satellites

Fig. 9 shows the size-frequency distribution (not scaled) for
heavily cratered terrains on each satellite for comparison in R-plot
Fig. 8. Relative (R) size-frequency distribution of Phoebe’s cratered plains. Details
as described in Figs. 2 and 3. Phoebe’s distribution is relatively flat on the R-plot for
D < 1 km, then decreases steeply at D � 1 km. The distribution then sharply
increases at D � 2 km. This implies that craters with D � 1.5 km are relatively
deficient on Phoebe.
format. The presentation of the distributions has been modified
(Fig. 9) to simplify the plot and make comparisons more straight-
forward. The raw data points for each terrain discussed (shown
for comparison in Fig. S3 and see Figs. 2–4 and 6–8) have been
averaged where data overlaps from different source images and
plotted as a connected line without error bars (the line is dashed
when it goes through a diameter bin with no data). Where data
are averaged the raw R-values are weighted by their errors (similar
to the method of Wall and Jenkins (2003, p. 45)), so that values
computed using a large number of measurements, which are more
reliable, are given more importance in the calculation of the aver-
age. This technique is described in more detail in Kirchoff and
Schenk (2009a).

Note that data from the dark and bright terrains of Iapetus have
also been averaged together where data overlaps. The raw values
in Fig. 7 indicate that the two terrains have similar distributions,
thus providing reasonable cause to combine the two datasets and
allow us to further simplify the R-plot. Of course, we do not have
data for D < 4 km on the bright terrain. Therefore, we have made
the assumption that if the crater size-frequency distribution for
these two terrains are similar for larger diameters, then that
extrapolates to the smaller diameters. This is not necessarily a
well-justified assumption, but no strong evidence is present that
the distributions should be different for smaller diameters if they
are similar for larger ones. Once we have compiled data for high-
resolution images of the bright terrain, we will compare to the dark
terrain and determine if this assumption is valid or not.

An initial observation of comparing the satellite’s impact crater
distributions, is that Mimas and Dione’s heavily cratered plains
have very similar size-frequency distributions for D < 80 km
(Fig. 9). Between diameters of 5 and 40 km, the distributions for
Mimas and Dione cratered plains practically fall on top of one an-
other. (This qualitative comparison for 4 < D < 30 km is further
supported by the quantitative slope fits in Table 3.) Beyond
D = 40 km Mimas and Dione’s R-values then drop off in a similar
manner, until D � 80 km (Mimas has one crater larger than
D = 80 km; Fig. S3). The similarity of these two size-frequency dis-
tributions implies the same impactor population bombarded Mi-
mas and Dione. The type of impactor population will be
discussed shortly, but first the distributions for Rhea and Iapetus
will be compared.
Fig. 9. Relative (R) size-frequency distribution of heavily cratered terrains on
Mimas, Tethys, Dione, Rhea, Iapetus, and Phoebe. Raw data from Figs. 3, 4, 6, and 7
that overlap are now averaged as described in the text to facilitate comparisons (all
raw data with error bars is plotted in Supplementary Fig. S3 for comparisons).
Distributions appear to be very similar for D < 4 km and D > 80 km on Mimas,
Tethys, Dione, Rhea, and Iapetus. For 4 < D < 80 km, however, Mimas and Dione’
distribution are similar, but different from Rhea and Iapetus’ distributions, which
are similar. Tethys’ distribution appears to have characteristics like Mimas, Dione,
Rhea, and Iapetus implying Tethys’ distribution may be transitional between Mimas
and Dione to Rhea and Iapetus. Phoebe’s distribution appears to be different from
all of these.
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The impact crater distributions of Rhea and Iapetus’ heavily cra-
tered plains appear to be very comparable. The data shown in Fig. 9
qualitatively demonstrate the correspondence of both the pattern
and densities for the two distributions. (The slopes given in Table 3
quantitatively support the similarity for a narrower diameter
range.) For the smallest diameters (<1 km), the distributions may
diverge in density (Fig. 9), but the data in this range are determined
from one small image each for Rhea and Iapetus, and thus the dis-
tributions may not be a reliable representation of the actual aver-
age distributions for this size range. R-values for 10 6 D 6 80 km
are relatively constant, then decrease around D = 150 km, only to
increase again for the largest basins (D > 200 km).

We have noted that the distributions for Mimas and Dione’s
cratered plains are similar, while the distributions for Rhea and
Iapetus’ cratered plains are similar. When these two groups are
compared (Fig. 9; Table 3), both similarities and differences are ob-
served. For D < 4 km, all the heavily cratered plains distributions
have slowly increasing R-values and shallow cumulative slopes
around �1.6. The two groups’ distributions begin to diverge at
D P 4 km. The R-values for Mimas and Dione continue to increase
(more steeply than for D < 4 km), while Rhea and Iapetus’ R-values
become constant. Then starting at D = 30 km, the R-values for Mi-
mas and Dione decrease, while R-values for Rhea and Iapetus re-
main constant and do not start decreasing until D � 80 km. At
D � 80 km, all the satellites’ R-values begin to decrease sharply,
and once again begin to correspond with one another. The distribu-
tions reach their lowest density around D = 150 km, and then begin
to increase for the largest basins (except Mimas, which has no re-
cord for these diameters; Fig. S3). Note that for this part of the size-
frequency distribution portions of Dione and Iapetus’ relative dis-
tributions are represented as dashed lines (Fig. 9). As mentioned
above, this denotes the fact that no basins with diameters between
�200 and 300 km and 250 and 350 km were actually observed on
Dione and Iapetus, respectively. Therefore, the smoothing line,
while misleading about the actual crater distribution, may approx-
imate the production function for the impactors, as they are likely
to be a continuous distribution. This is also possibly supported by
the similarity of the distributions of Tethys and Rhea, which have
observable basins of this size, to Dione and Iapetus’ distributions.
The actual size-frequency distribution of the impactor population,
however, is not known, so we cannot conclusively state this is the
case. Meanwhile, why are basins of this size not observed on Iape-
tus and Dione, if the impactors are there? We speculate that they
never formed in the first place through random chance.

Tethys’ cratered plains size-frequency distribution appears to
have characteristics that are transitional between Rhea and Iapetus’
distributions and Mimas and Dione’s distributions (Fig. 9). For the
diameter ranges where the distributions for Mimas, Dione, Rhea,
and Iapetus are similar (�0.1 6 D 6 4 km and 80 6 D 6 400 km),
Tethys’ distribution is also comparable. The R-values slowly increase
until D � 4 km and Tethys has a ‘‘dip” in R-values around
D = 150 km. For the diameter range between (4 < D < 80 km), how-
ever, Tethys’ size-frequency distribution is not quite like Mimas
and Dione’s or Rhea and Iapetus’. R-values for Tethys appear to
slowly increase until D = 10 km, then slowly decline until
D = 80 km, while the R-values for Mimas and Dione are more steeply
increasing and declining, and the R-values for Rhea and Iapetus re-
main constant. Possibly, Tethys’ crater distribution is representing
a distribution that is evolving from one pair of satellites to the other.

The variations discussed above in impact crater size-frequency
distributions from Mimas and Dione to Tethys to Rhea and Iapetus
may be due to either variations in impactor population(s), satura-
tion equilibrium cratering, or alteration of the distributions by geo-
logic processes. First we revisit the possibility of bombardment by
two different impactor populations introduced during Voyager
analyses (see Section 1 and reviewed in Chapman and McKinnon
(1986)). Observations from Voyager images indicated that heavily
cratered terrains, except Mimas, had an impact crater distribution
with an abundance of relatively large craters (i.e., flatter on a R-
plot). Meanwhile, the distribution for young terrains on Dione
and Tethys and the heavily cratered terrain of Mimas appeared
to be deficient in craters larger than D � 30 km (i.e., steeply
decreasing R-values). The leading hypothesis for these differences
(see Section 1 and reviewed in Chapman and McKinnon (1986))
was two different impactor populations: Saturn Population I com-
posed of heliocentric ecliptic comets and Saturn Population II com-
posed of planetocentric debris. Our observations from Cassini data
also indicate that Mimas’ crater distribution is relatively deficient
in the larger craters (30 6 D 6 80 km), i.e., like Saturn Population
II, but that the heavily cratered terrains of Tethys and Dione are
as well. Only the heavily cratered terrains of Rhea and Iapetus
are not deficient in large craters between D = 30 and 80 km, similar
to Saturn Population I. Unfortunately, the distributions of the cou-
ple of younger terrains we have analyzed on Tethys and Dione do
not have reliable enough data for 30 6 D 6 80 km to determine
whether these terrains record Saturn Population I or II.

The similarity of our results for Mimas, Rhea, and Iapetus to
those from Voyager analyses suggests that the hypothesis for two
different impactor populations, one heliocentric and one planeto-
centric, may still be plausible. The heliocentric population is repre-
sented by Population I on Rhea and Iapetus and the planetocentric
population by Population II on Mimas, Tethys, and Dione. The dif-
ference in our results for Dione and Tethys from Voyager analyses
implies that planetocentric impacts may be more widespread on
ancient terrains than previously thought.

Another possible cause for the difference in crater size-fre-
quency distributions from Mimas and Dione to Tethys to Rhea
and Iapetus is that the crater distributions have reached saturation
equilibrium. Saturation equilibrium is suggested to occur when a
surface is so heavily bombarded that the formation of craters is
equaled by the obliteration of craters (e.g., Gault, 1970; Hartmann,
1984). Here, we have not explored whether these surfaces are in
saturation equilibrium, because interpreting saturation equilib-
rium from crater distributions is complex and requires numerical
modeling of the evolution of the size-frequency distributions.
Chapman and McKinnon (1986) demonstrated that different
impactor populations result in different saturation equilibrium
crater distributions for both shape and density. The crater distribu-
tion from a steeper sloped impactor population (cumulative slope
<�2) will tend not to retain characteristics of the impactor distri-
bution and converge toward a flat distribution on an R-plot (i.e.,
cumulative slope of �2) (see also Hartmann, 1984; Hartmann
and Gaskell, 1997). Meanwhile, the crater distribution from a shal-
low sloped impactor population (cumulative slope >�2) will ap-
proach a quasi-equilibrium distribution and tend to retain
characteristics of the impactor distribution. Furthermore, the satu-
ration equilibrium (or quasi-equilibrium) density reached will de-
pend on the dynamic range (i.e., the range of impactor diameters)
of the impactor population. The smaller the dynamic range, the
higher the density a distribution can reach when approaching sat-
uration. Therefore, the differences in densities between the satel-
lites’ distributions and the flat R-values of portions of these
distributions (Fig. 9) may possibly reflect crater saturation on these
different surfaces. The differences may, in fact, be a combination of
two different impactor populations with different characteristics
(discussed above) in saturation equilibrium on these satellites. Fu-
ture work will involve collaborations to numerically model the
evolution of these impactor populations and crater distributions
to determine if saturation equilibrium plays a role in the differ-
ences observed in the size-frequency distributions.

Finally, can the differences of our distributions (Fig. 9), however,
instead be explained by geologic activity alone altering the distri-
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butions? If we assume that the distributions of Rhea and Iapetus,
which show little evidence of geologic activity, represent the unal-
tered distribution, then viscous relaxation could be a candidate to
‘‘remove” large craters from the records of Mimas, Dione and
Tethys. Burial (for example, by ejecta) would not work because this
preferentially removes small craters. Modeling of viscous relaxa-
tion has demonstrated that craters with 30 6 D 6 80 km could be
considerably relaxed in a reasonable time frame for a plausibly
higher heat flow (Parmentier and Head, 1981; Dombard and
McKinnon, 2006; Smith et al., 2007). Viscous relaxation, however,
also has a couple of problems. First, while Tethys and Dione have
evidence of higher heat flows in the past through resurfacing and
remnants of relaxed craters, no strong evidence has been found
to support Mimas having a high enough heat flow to considerably
relax craters, even early in its history (Ellsworth and Schubert,
1983; Pollack and Consolmagno, 1984; Morrison et al., 1986; Schu-
bert et al., 1986; Multhaup and Spohn, 2007). Second, viscous
relaxation of a crater generally leaves remnant topography, as evi-
denced by palimpsests on Ganymede and Callisto (reviewed in
Moore et al. (2004), Pappalardo et al. (2004), and Schenk et al.
(2004)), and the many relaxed craters observed on the saturnian
satellites (Plescia and Boyce, 1985; Morrison et al., 1986; Kargel
and Pozio, 1996; Schenk and Moore, 2007; Smith et al., 2007).
Therefore, viscous relaxation is not likely responsible for the differ-
ence between the size-frequency distributions of Mimas, Dione,
and Tethys vs. Rhea and Iapetus.

Phoebe’s distribution, for small (<2 km) crater diameters, is not
very similar to any of the other satellites discussed here. The R-val-
ues decrease as diameters increase up to D = 1.5 km, while they are
increasing for the other satellites. The confined dip in R-values
around D = 1.5 km is not found at all in the other distributions. Fi-
nally, the only vague similarity between Phoebe and the other sat-
ellites is the slow increase in R-values after D � 2 km until
D � 5 km, when Phoebe’s distribution becomes uncertain. These
differences lead us to conjecture that for small craters Phoebe
has had a different cratering history from the larger regular satel-
lites. This correlates favorably with the different evolutionary his-
tory Phoebe has likely had as well (Pollack et al., 1979; Burns,
1986; Cuk and Burns, 2004; Kortenkamp, 2005; Porco et al.,
2005; Nesvorný et al., 2007).
10. Conclusions

The high quality of the Cassini ISS imaging provides an excellent
opportunity to reexamine the impact crater distributions of the
mid-sized saturnian satellites. This imaging has greatly expanded
the resolution and spatial coverage beyond that of the Voyager
imaging. Crater distributions can be determined down to diame-
ters of 4 km for all of the satellites and hundreds of meters for
most. Here we have used Cassini images to compile and analyze
impact crater distributions for terrains on Mimas, Tethys, Dione,
Rhea, Iapetus, and Phoebe. Not all available images have yet been
utilized, and more are to be obtained in Cassini’s extended mission;
therefore, these are preliminary distributions. The crater distribu-
tion of Enceladus’ terrains is discussed in a companion paper (Kirc-
hoff and Schenk, 2009a).

Mimas’ impact crater size-frequency distribution is found to be
complex (Fig. 2; Table 3). Several slope changes are evident. The
slope for 4 6 D < 10 km is generally shallow (>�2, cumulative).
For diameters larger than �10 km the slope steepens slightly, but
is still relatively shallow until D � 30 km. At D � 30–80 km, R-val-
ues decrease implying that large craters are less abundant on
Mimas.

For Tethys, two terrains are analyzed. A crater distribution has
been compiled for the heavily cratered plains and the basin Odys-
seus. The cratered plains are likely very old, while the interior of
Odysseus could be much younger (Table 4). Therefore, by analyzing
the two terrains, we may attain information about the bombard-
ment of Tethys through time. Overall, the size-frequency distribu-
tion of the cratered plains is complex (Fig. 3; Table 3). For
D 6 10 km, R-values slowly increase with increasing diameter.
Then between D = 10 km and D = 60 km, R-values slowly decrease.
R-values sharply decrease for D > 60 km until D � 100 km, where
they start to increase again. This implies that basins with
D � 100 km are less abundant than both slightly smaller craters
and larger basins. Meanwhile, the size-frequency distribution
within the basin Odysseus is also complex, but generally dissimilar
to Tethys’ heavily cratered plains (Fig. 3). The R-values decrease for
increasing crater diameter for 4 < D < 8 km in Odysseus, while R-
values increase in the cratered plains. In addition, R-values are
increasing with diameter for 11 < D < 20 km within Odysseus while
they are decreasing in the cratered plains. These differences be-
tween the size-frequency distributions of the two terrains with dif-
ferent relative ages (Table 4) imply that the impactor population at
Tethys might have changed over time in this size range.

On Dione we have analyzed two terrains to constrain further
the temporal evolution of the impactor population. Crater distribu-
tions have been compiled and compared for the heavily cratered
and smooth plains. The cratered plains are suggested to be very
old, while the smooth plains are likely younger (Table 4). Dione’s
cratered plains appear to have a very similar distribution to Mimas
(Figs. 4 and 9; Table 3). Furthermore, Dione’s smooth plains ap-
pears to overall have a similar size-frequency distribution to
Dione’s cratered plains for �10 < D < 70 km, but may have a stee-
per slope for �5 < D < 10 km (Fig. 4; Table 3). This implies that
the relatively small impactor population for Dione may have de-
creased over time, but larger impactors have not have changed
much over the time frame represented.

The distribution of Rhea’s cratered plains appears to be less
complex than those found for Mimas, Tethys, and Dione (Figs. 6
and 9; Table 3). The distribution has a shallow slope, with little
changes from 0.1 6 D 6 80 km. R-values decrease with increasing
diameter from D � 80 km to D � 200 km implying the slope be-
comes steeper. Finally, starting at D > 200 km R-values increase
again.

For Rhea, Cassini has also obtained some high to very high-res-
olution images of a potential set of secondary craters covering part
of a fresh, young complex crater (D � 50 km; Fig. 5). The indication
of clustering and small size (D < 2 km) of these craters suggests
they are secondaries. Meanwhile, the images are comparable in
resolution to some images of the cratered plains (Table 2). There-
fore, we have compiled a crater distribution that is likely domi-
nated by secondaries to compare to our distributions from
regions suggested not to be heavily contaminated by secondaries.
Results (Fig. 6; Table 3) indicate that the distribution for the sec-
ondaries has a very steep slope, while the general cratered plains
has a shallow slope (0.1 6 D 6 1.5 km). Therefore, our assumptions
about the majority of the cratered plains not likely being heavily
contaminated by secondaries may be reasonable.

Impact crater distributions have been compiled for both the
dark and light cratered terrains on Iapetus. Results indicate that
the two terrains have similar distributions (Fig. 7; Table 3). The dis-
tributions have relatively flat R-values from D = 0.2 to D � 80 km.
Then, from D � 80 km to D � 200 km, R-values rapidly decrease
with increasing diameter. Finally, starting at D J 200, R-values in-
crease again. The similarity of the shape and density of the size-fre-
quency distributions for the dark and light terrains imply they
formed at the same time (Table 4).

Finally, we have analyzed the impact crater distribution of the
irregular satellite Phoebe (Fig. 8; Table 3). Phoebe’s distribution
has a steep slope between D = 0.1 and 1 km, but then has a shallow
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slope for D = 1–4 km. This implies that Phoebe has a deficiency of
craters with D � 1.5 km, which is not found on any of the other sat-
ellites (Fig. 9). The reason for this deficiency is currently elusive. A
couple of possibilities are: (1) this is characteristic of the impactor
population at Phoebe’s original location from before Phoebe was
captured into the Saturn system, if Phoebe was captured; or (2)
this distribution results from collisions and interactions with other
irregular satellites. The data are currently insufficient to determine
which is the most likely explanation.

When all the distributions are compared, except Phoebe, results
indicate that overall the impact crater distributions within the older,
heavily cratered plains on each satellite are similar to one another for
D < 4 km (Fig. 9; Table 3). The distributions also have similar R-
values for D > 80 km, with the changes indicating a deficiency in
basins with diameters around 150 km. The exception is Mimas,
which does not have the imaging to obtain crater data for D < 4 km
and is just too small of a satellite to record the same basin population
as the other, larger satellites. This deficiency at D � 150 km, if a real
characteristic of the impactor population, is an interesting feature
that may have implications about the evolution of that population.
Detailed numerical modeling would be needed to understand these
implications and will be addressed in future collaborations. While
distributions of these satellites are similar over most of the diameter
range examined, differences are found between 4 6 D 6 80 km. Pri-
marily, Mimas and Dione have increasing R-values for the small
diameters (<30 km) and decreasing R-values for the larger diameters
(>30 km), while Rhea and Iapetus have constant R-values (Fig. 9;
Table 3). Therefore, the distributions on Mimas and Dione appear
to be ‘‘missing” large craters (D � 80 km) and have a higher density
of craters �10 < D < 30 km relative to Rhea and Iapetus. This differ-
ence is similar to the one found in Voyager analyses (Shoemaker
and Wolfe, 1981; Smith et al., 1981, 1982; Strom and Woronow,
1982; Horedt and Neukum, 1984; Plescia and Boyce, 1985; Chapman
and McKinnon, 1986; Strom, 1987a; Kargel and Pozio, 1996) and is
consistent with the hypothesis that it is due to two different sources
of impactors (e.g., Chapman and McKinnon, 1986). One population
has a shallow slope (Saturn Population I from Voyager literature),
is best expressed on Rhea and Iapetus, and is likely heliocentric. (This
population may also be recorded for D < 4 km and D > 80 km on all
the satellites as indicated by the similarities in the distributions
mentioned above.) The second population has a steeper slope (Sat-
urn Population II from Voyager literature), has a relative deficiency
of larger craters and more small craters, is primarily expressed on
terrains on Mimas, Tethys, and Dione, and is consistent with being
planetocentric debris. The source of this debris is most plausibly es-
caped ejecta from the largest impacts on the saturnian satellites and
remains of disrupted small satellites.

Because our distributions are preliminary, we have not yet com-
pared them to previous work both with Voyager and Cassini data.
Future work, once the distributions are finalized, will perform this
analysis to determine how well our results compare with others.
Comparing different crater counters distributions provides one of
the best means of really constraining the impact crater distribu-
tions to produce the most accurate representation. After this eval-
uation, future work will also compare the distributions of these
saturnian satellites to the jovian satellites and inner Solar System
cratering records. The aim of this comparison, along with dynam-
ical modeling performed by collaborators, is to possibly better con-
strain the characteristics and number of impactor populations
throughout the Solar System.
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