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a b s t r a c t

An inferred ancient episode of heating and deformation on Tethys has been attributed to its passage
through a 3:2 resonance with Dione (Chen, E.M.A., Nimmo, F. [2008]. Geophys. Res. Lett. 35, 19203).
The satellites encounter, and are trapped into, the e-Dione resonance before reaching the e-Tethys reso-
nance, limiting the degree to which Tethys is tidally heated. However, for an initial Dione eccentricity
>0.016, Tethys’ eccentricity becomes large enough to generate the inferred heat flow via tidal dissipation.
While capture into the e-Dione resonance is easy, breaking the resonance (to allow Tethys to evolve to its
current state) is very difficult. The resonance is stable even for large initial Dione eccentricities, and is not
broken by perturbations from nearby resonances (e.g. the Rhea–Dione 5:3 resonance). Our preferred
explanation is that the Tethyan impactor which formed the younger Odysseus impact basin also broke
the 3:2 resonance. Simultaneously satisfying the observed basin size and the requirement to break the
resonance requires a large (�250 km diameter) and slow (�0.5 km/s) impactor, possibly a saturnian
satellite in a nearby crossing orbit with Tethys. Late-stage final impacts of this kind are a common feature
of satellite formation models (Canup, R.M., Ward, W.R. [2006]. Nature 441, 834–839).

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Tidal heating is responsible for much of the geological activity
in the outer Solar System, both ongoing (e.g. Enceladus; Porco
et al., 2006) and ancient (e.g. Ganymede; Showman et al., 1997).
Because satellites’ orbits evolve under the influence of dissipation
in the primary, they can become trapped into mean-motion reso-
nances which may excite their eccentricities and increase tidal
heating (see, e.g., Peale et al., 1980). Depending on the stability
of each resonance, a satellite may have passed through several
such resonances before attaining its present-day configuration
(see, e.g., Dermott et al., 1988; Meyer and Wisdom, 2008a; Zhang
and Hamilton, 2008). These paleo-resonances thus provide one
possible explanation for ancient episodes of deformation.

The saturnian satellite Tethys is currently in an inclination-type
resonance with Mimas, and has an orbital eccentricity indistin-
guishable from zero. However, Tethys does show signs of ancient
deformation. In particular, the Ithaca Chasma canyon system ex-
tends across 3/4 of Tethys’ surface, having a width of several tens
of km, a depth of about 3 km, and an extension factor of about
10% (Giese et al., 2007). Although the cause of this focused defor-
mation is uncertain, Giese et al. (2007) used rift-flank flexural pro-
files to infer a global heat flow of 60–100 GW during or after
canyon formation.

The absolute age of Ithaca Chasma is uncertain – depending on
the impact flux model used, the age of its interior could be any-
thing from a 0.4 to 4 Gyr (Giese et al., 2007). More importantly,
however, the interior of Ithaca Chasma is older than the giant im-
pact basin Odysseus (Giese et al., 2007). The fact that Odysseus
formed after the heating episode associated with Ithaca Chasma
is an important part of the argument we will develop below.

Chen and Nimmo (2008) suggested that this deformation epi-
sode was a result of Tethys having had a higher eccentricity in
the past due to a 3:2 paleo-resonance with Dione (Ithaca Chasma
is sufficiently young that any primordial eccentricity of Tethys
would likely have decayed well before it formed). They further ar-
gued that the inferred heat flow was higher than the equilibrium
tidal heating associated with this resonance, and suggested that
non-equilibrium or periodic heating might have occurred (Ojakan-
gas and Stevenson, 1986). They did not, however, explore the likely
orbital evolution of Tethys in any detail.

Dermott et al. (1988) pioneered the study of ancient orbital res-
onances in satellite system. In this paper we follow similar analyt-
ical and numerical approaches to investigate the orbital evolution
of Tethys as it encounters the 3:2 mean motion resonance with
Dione. We find that Tethys’ eccentricity is transiently excited to
high enough values to account for the heat flow inferred by (Giese
et al., 2007). The resonance is sufficiently strong that likely pertur-
bations (e.g. from Rhea) are insufficient to break it and allow
Tethys and Dione to evolve to their current resonances with Mimas
and Enceladus, respectively. However, the subsequent Odysseus-
forming impact is capable of breaking the resonance, as we show
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semi-analytically. This result illustrates the fact that large impacts
can not only have direct effects on their target bodies, but may also
alter their long-term orbital and thermal evolution.

2. Methods

2.1. Orbital evolution

The orbit of a synchronous satellite must be eccentric in order
for tidal heating to occur (e.g. Yoder and Peale, 1981). On the other
hand, tidal dissipation in the satellite acts to damp orbital eccen-
tricity. For Tethys, assuming reasonable values for k2/Q (k2 is the
second order tidal Love number, and Q is tidal dissipation factor;
both are internal properties of a body and the ratio of the two
determines how efficiently tides dissipate energy), the eccentricity
damping timescale is on the order of 10 Myr (Murray and Dermott,
1999). Hence, any primordial eccentricity the satellite’s orbit might
have inherited from formation would have damped away in the
first few tens of Myr of the system’s history. However, a subse-
quent mean-motion resonance passage during satellite tidal
migration could have excited the satellite’s orbital eccentricity.

If Saturn spins faster than a particular satellite orbits, as for
Tethys and Dione, the planetary tidal bulge raised by the satellite
is carried ahead of the planet–satellite line and exerts a positive tor-
que on the satellite. Consequently, the satellite is accelerated and its
orbit migrates outwards, i.e., orbital semi-major axis (a) increases
and mean motion (n) decreases. The orbital migration history of
the saturnian satellites has been discussed in a few previous papers
(see, e.g., Greenberg, 1984; Callegari and Yokoyama, 2008; Meyer
and Wisdom, 2008b; Zhang and Nimmo, 2009). Due to their differ-
ent sizes and distances from Saturn, satellites migrate at different
rates and may encounter mean-motion resonances. Assuming Sat-
urn’s Q = 63,000 and k2 = 0.341 (Gavrilov and Zharkov, 1977), the
3:2 Tethys–Dione resonance occurred approximately 4 Gyr ago,
consistent with the inferred age for Ithaca Chasma. The age of the
resonance, however, is proportional to Q/k2 of Saturn (see, e.g.,
Burns, 1977 satellite orbital migration rate da/dt / k2/Q). A smaller
QSaturn (more dissipative) means a more recent occurrence.

Tides on Saturn also affect the orbital eccentricities of Tethys
and Dione. Goldreich (1963) showed that planetary tides work to
increase satellite eccentricities (see also, Burns, 1977; Dermott
et al., 1988), but he also pointed out that for most satellites in
the Solar System, satellite tides dominate their eccentricity
evolution.

2.2. Numerical model

We used the same numerical code to do orbital integrations as
in Zhang and Nimmo (2009), with a slight modification to simulate
an impact on a satellite. The core of the code is a variable-order
Bulirsch–Stoer integrator (Press et al., 2002). Saturn and the
satellites are treated as point masses with corrections for tidal
and rotational deformation. Tidally-deformed planet/satellites are
modeled as ellipsoidal bodies and their potentials are expanded
out to fifth-order in R/r, where R is the radius of the tide-raising
body, and r is the separation between Saturn and the satellite.
Rotational deformation of Saturn is treated similarly.

Impacts are handled with a simplified approach in the code. We
assume that the projectile travels in the same direction as Tethys
and hits the satellite from behind. It then sticks to Tethys and its
mass is added to the satellite. The satellite’s velocity after the im-
pact is computed based on conservation of angular momentum.
We have used this simple impact scenario for two reasons. First,
an oblique impact would require us to explore a much larger
parameter space, because the effects of such an impact depend

on the collision geometry and energy loss. Second, the low collision
velocities that we find are consistent with the simple impact sce-
nario (see Section 4). This impact geometry leads to a maximum
change in orbital semi-major axis for given projectile mass and im-
pact velocity. A head-on impact has the same effect, but it can not
break the resonance trapping (see Section 3.4)

In our simulations, the system consists of Saturn, Tethys, and
Dione. For the two satellites, the gravitational effects of the Sun
and other planets are weak and can be safely ignored. The physical
parameters and initial orbital configurations of the two satellites
are listed in Table 1. The initial semi-major axes of the two satel-
lites are derived from their current values and are consistent with
tidal migration due to planetary tides. Each simulation runs
through the 3:2 resonance, and an impact on Tethys then follows
at a user-defined time. We accelerate tidal evolution artificially
(by increasing k2/Q of all bodies) to achieve practical computing
time. The same technique was employed by Zhang and Nimmo
(2009) and many other authors (e.g., Showman et al., 1997; Meyer
and Wisdom, 2008b). We typically use an acceleration factor of
10,000, but we also run a few slower integrations with an acceler-
ation factor of 1000 in comparison to make sure that the major
evolution features are not affected by the artificial speed-up. One
other assumption in our numerical setup is that the satellite orbits
are co-planar and in the equatorial plane of Saturn. This is justified
by their small orbital inclinations and the fact that inclinations
play little role in tidal dissipation (Burns, 1977).

2.3. Crater scaling

In order to estimate the size and impact velocity of the incom-
ing object which formed Odysseus, and thus its effect on Tethys’
orbit, it is important to know how the size of an impact crater
scales with these properties. One prescription, based on laboratory
experiments on wet sand by Schmidt and Housen (1987), was gi-
ven by Zahnle et al. (2003):

DD0:13
c ¼ 0:98

v2
i

g

� �0:245 qi

qT

� �0:377

d0:885
: ð1Þ

Here D is the final crater diameter; vi is the impact velocity; g is
the surface gravity of Tethys; d is the diameter of the impactor; qi

and qT are the densities of the impactor and Tethys, respectively;
and Dc is the transition diameter between simple and complex cra-
ters. All quantities are in SI units. For Tethys, Dc is roughly 26 km
(Schenk, 1991). The surface gravity and bulk density of Tethys
can be found in Table 1, and we assume qi = qT.

Eq. (1) was derived for situations in which the impact velocity
exceeds the sound velocity. As we will show below, it is not clear
that the Odysseus-forming impact meets this criterion; we there-
fore also use the scaling derived by Barnouin-Jha et al. (2007)
based on sub-sonic impacts (85–280 m/s) into glass beads:

D
d
¼ 1:3

gd
v2

i

� ��0:19

: ð2Þ

We will utilize both scalings to determine whether the Odys-
seus-forming impact could have moved Tethys out of the 3:2 res-
onance with Dione, but conclude that the second, low-velocity
scaling is likely more appropriate (see below).

Table 1
Satellite properties.

ma (1020 kg) Ra (km) �q (kg/m3) g (m/s2) ai (RS
b) ei

Tethys 6.175 530 955 0.143 4.725 0
Dione 10.96 560 1469 0.231 6.195 0–0.03

a Jacobson (2004).
b Saturn’s radius RS = 60,268 km.
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3. Results

Here we present the results of our numerical model. Section 3.1
provides an overview, discussing an example scenario which is
consistent with the observational constraints. Sections 3.2, 3.3,
3.4 then discuss three aspects of this scenario in more detail: the
stability of the e-Dione resonance, the tidal heating of Tethys and
the implied initial eccentricity of Dione, and the role of the Odys-
seus-forming impact in breaking the resonance.

3.1. The whole picture

The Tethys–Dione 3:2 resonance splits into a series of individ-
ual resonances due to orbital precession (Fig. 1, see also Dermott
et al., 1988; Zhang and Nimmo, 2009). Each individual resonance
is characterized by the libration of some orbit-related angle known
as a resonant angle and affects only a certain number of orbital ele-
ments. The best way for Tethys to gain eccentricity through the
resonance is a capture into the e-Tethys resonance, which affects
Tethys’ eccentricity (eT) alone and has a resonant angle
/eT
¼ 3kD � 2kT �-T . Here kT and kD are the mean longitudes of

Tethys and Dione, respectively; -T is the longitude of pericenter
of Tethys. Assuming that the two satellite formed out of resonance,
when their orbits converge, another strong resonance, e-Dione, is
encountered before e-Tethys. This resonance affects eD only and
its resonant angle is /eD

¼ 3kD � 2kT �-D. Here -D is the longitude
of pericenter of Dione. Both e-Dione and e-Tethys resonances are
first-order resonances – the resonance strength is first order in
the corresponding eccentricity. Higher-order resonances exist,
but are much weaker since the orbits of both satellites are nearly
circular and their eccentricities are small. When the two satellites
are far away from a resonance, the corresponding resonant angle
circulates through a whole 360�. When the two satellites migrate
towards a resonance, the eccentricity associated with that reso-
nance is forced up; as the forced component grows bigger than
the free component,1 the corresponding resonant angle starts to li-
brate. The libration amplitude decreases as the ratio between the
free and forced eccentricities decreases.

Fig. 2 shows an example simulation. We start the simulation
with both satellites evolving outwards due to dissipation in Saturn,
and just before they encounter their 3:2 mutual resonance. The ini-
tial free eccentricity of Tethys is small, while that of Dione is 0.017.
As a result, the e-Tethys resonant angle /eT

librates initially, while
/eD

circulates. Before they encounter the e-Dione resonance,
Tethys’ eccentricity is gradually increased due to the more distant
but stronger e-Tethys resonance. The behavior of Dione’s eccentric-
ity eD is slightly complicated. The free component of eD is tidally
damped, while the forced component is increased as the e-Dione
resonance is approached. Due to its large pre-encounter value, eD

decreases sharply when the e-Dione resonance is encountered. At
the same time, the maximum value of eT jumps to about 0.015 to
conserve angular momentum. This temporary boost in Tethys’
eccentricity results in tidal heating, in this case generating a peak
power of about 80 GW for an assumed k2/Q of 10�3.

For many resonances, e.g., the 2:1 Enceladus–Dione resonance
discussed in Zhang and Nimmo (2009), the initial reduction in eD

prevents the satellite from being captured into the e-Dione reso-
nance. In the case of Tethys–Dione 3:2, however, we find that
resonant trapping always occurs, even with pre-encounter eccen-
tricities of Dione as large as 0.03. This is presumably due to the

high strength of the resonance. Compared to the Enceladus–Dione
2:1 case, Tethys is more massive than Enceladus, and the distance
between the orbits is smaller, both of which make the resonance
stronger.

As the two satellites are trapped and evolve deeper and deeper
in the e-Dione resonance, eD grows until an equilibrium is reached,
when the eccentricity growth due to the resonance is balanced by
damping due to tidal dissipation. Tethys’ eccentricity damps down
due to tidal dissipation. Eventually, eT drops to a small but non-
zero value (�0.03) forced by the e-Tethys resonance, and stays at
that value, since the two orbits are trapped in the e-Dione reso-
nance and their mean motion ratio is not evolving.

At first glance, the two resonant angle plots in Fig. 2 might sug-
gest that the two satellites are trapped in a more complicated res-
onance than the first order e-Dione resonance since both /eT

and
/eD

librate during the capture. However, this is not the case. Rather,
this behavior is due to tidal dissipation. The first clue lies in the
timing of the libration. When the two satellites are initially cap-
tured and /eD

starts to librate, /eT
, on the other hand, changes from

libration to circulation. The e-Dione resonance crossing forces
down Dione’s eccentricity, but Tethys’ eccentricity goes up through
angular momentum exchange. This ‘‘newly created’’ eccentricity
serves as a free component for Tethys since it is not affected by
the e-Dione resonance, and it can be damped by tidal dissipation.
When it is damped to smaller than the forced eccentricity (forced
by the e-Tethys resonance), /eT

begins to librate. Hence, although
the e-Tethys resonant angle librates in Fig. 2, the two satellites
are not actually trapped in that resonance.

Once the equilibrium between resonant forcing and tidal damp-
ing is reached, we introduce an Odysseus-forming impact (at
220 Myr in Fig. 2). This impact increases Tethys’ semi-major axis
by about 0.1% and causes the two satellites to break out of reso-
nance. After the impact, the eccentricities of both satellites de-
crease due to tidal dissipation, and both orbits continue to evolve
towards their current states. Dione would encounter a 5:3 reso-
nance with Rhea and a 3:1 resonance with Mimas before it reaches
the current resonance with Enceladus, and Tethys encounters no
strong resonance before it is trapped into the current 2:1 inclina-
tion resonance with Mimas (see Fig. 1 in Zhang and Nimmo,
2009). The 3:1 Mimas–Dione resonance is unlikely to affect Dione
significantly due to Mimas’ small mass, but it might affect Mimas’
evolution significantly (Meyer and Wisdom, 2008b). Although the
5:3 Dione–Rhea resonance is second-order, it is relatively strong
due to Rhea’s mass. This resonance occurs shortly after the 3:2
Tethys–Dione resonance, and we will discuss it further in Section 4.

Fig. 1. Splitting of the 3:2 Tethys–Dione resonance due to orbital precession. The
plot shows the tidal evolution tracks of the two satellites during the resonance
passage, assuming that no resonant trapping occurs. Vertical lines are the locations
of the first- and second-order eccentricity type resonances (solid lines), as well as
the exact location where 3nD = 2nT (dotted line).

1 For an orbit under a periodic perturbation, its eccentricity has a forced component
due to the perturbation, which is solely determined by the nature of the perturbation.
The orbit may also have a free eccentricity, which is independent of the perturbation.
For a more comprehensive explanation of free and forced orbital elements, refer to
Murray and Dermott (1999, Section 7.4).
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3.2. The stability of the e-Dione resonance

If both Tethys and Dione have negligible free eccentricities be-
fore they reach the resonance zone, they will evolve into the e-
Dione resonance naturally. A similar situation in the case of the
Enceladus–Dione 2:1 resonance provides an obstacle in explaining
the current e-Enceladus trapping (Meyer and Wisdom, 2008b;
Zhang and Nimmo, 2009).

In the Enceladus case, a potential way of avoiding the e-Dione
resonance is to have a larger pre-encounter eccentricity for Dione.
Analytical studies show that a larger initial eD reduces the capture
probability of the e-Dione resonance considerably, and to nearly
zero for initial eD J 0.005 (Zhang and Nimmo, 2009). When the
initial eD is large, instead of being trapped into the e-Dione reso-
nance, Dione only receives a downward kick in its eccentricity,
and the two satellites pass through the resonance. This behavior
was predicted in Borderies and Goldreich (1984) through a phase
space analysis of the resonance structure. Following the analytical
approach of Borderies and Goldreich (1984), we find that for the
3:2 Tethys–Dione resonance, resonant trapping into e-Dione may
be avoided if the initial eD > 0.011. Our numerical simulations,
however, show otherwise. For instance, Fig. 2 shows a simulation
with initial eD = 0.017 and yet resonant trapping still occurs.

We have run a series of simulations where the initial eccentric-
ity of Dione ranges between 0 and 0.03. For each of the 8 different
initial eD in this range, we ran 25 simulations with the initial loca-
tion of the satellite spreading evenly along its orbit. We also added
an offset for the initial Dione location between different eccentric-
ity sets so that we could sample more initial phases. In all cases the
two satellites are trapped into the e-Dione resonance, despite the
downward kick in eD that occurs for non-zero initial eD. There is
one feature in the orbital behavior which might be related to the
Borderies analysis, though. In Fig. 3, we plot the minimum eD after
the e-Dione kick versus the initial eD. For initial eD < 0.014, the min-
imum value of eD after the kick is zero. For initial eD > 0.014, how-
ever, the minimum eD is non-zero. In the case with initial eD = 0.02,
the post-kick value is even greater than the tidal equilibrium value
of 0.008 and eD decreases subsequently as the two bodies evolve
into the e-Dione resonance. This seems to agree with the Borderies
criterion: when the initial eD is less than the critical value, Dione’s
eccentricity is kicked down to zero and capture into the e-Dione

resonance follows. Where our results depart from the Borderies
theory is that even if the post-kick eD is greater than zero, we find
that trapping into the resonance still occurs. This is probably due to
the strength of this resonance. Borderies and Goldreich (1984)
used a linear approximation in their derivations, which is only
accurate for weak resonances and small eccentricities. Tidal dissi-
pation may also lead to the deviation from Borderies and Goldreich
(1984). At least, it influences the behavior of resonant angle as
discussed in the previous section.

3.3. Tethys’ eccentricity and tidal heating

Our numerical results show that the two satellites cannot natu-
rally pass through the e-Dione resonance and evolve into the e-
Tethys one. However, Fig. 2 shows that during the downward kick
of eD, the eccentricity of Tethys gets a temporary boost in order to
conserve the total orbital angular momentum of the system. For
large initial eD, eT can reach quite a high value and thus produce
strong tidal heating. In Fig. 3, we plot the maximum eccentricity

Fig. 2. An example simulation of the 3:2 Tethys–Dione resonance followed by an impact. Plot shows time evolution of the mean motion ratio of the two orbits, two
eccentricities, resonant angles of the two first-order resonance, and the total tidal heat flow on Tethys. Two episodes of high heat flow occur, each associated with a change in
Tethys’ eccentricity. The first peak occurs when the two satellites are trapped into an e-Dione resonance, while the second smaller peak (at 220 Myr) is due to the impact. In
this simulation, (k2/Q)T = 10�3, (k2/Q)D = 10�4. Dione’s initial eccentricity is 0.017. The mass of the impactor mi = 1018 kg (125 km diameter, assuming the same density as
Tethys), and the impact velocity vi = 3.3 km/s.

Fig. 3. The maximum excitation of Tethys’ eccentricity and the maximum tidal heat
flow on Tethys’ surface as functions of Dione’s initial eccentricity. Data are collected
from a series of simulations with different initial eD values. We have used (k2/
Q)T = 10�3 and (k2/Q)D = 10�4. The bottom curve shows the minimum eD after the
initial kick when the two satellites encounter the resonance.

K. Zhang, F. Nimmo / Icarus 218 (2012) 348–355 351
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that Tethys acquires during the process, as well as the correspond-
ing total tidal heat production. We have assumed k2/Q = 0.001 for
Tethys in the simulations, compatible with the results of Chen
and Nimmo (2008). For small initial eD, eT does not rise much above
its equilibrium value during the e-Dione trapping (�0.003), and the
tidal heat output is only about 7 GW. However, a sharp increase in
the maximum eT occurs when the initial eD increases to about
0.016. The maximum tidal power output increases to nearly
80 GW, which is consistent with the values inferred by (Giese
et al., 2007).

Given the tidal eccentricity damping timescale, this phase of
high heat output lasts for about 10 Myr, as shown in Fig. 2.
Although the duration of the activity responsible for forming Ithaca
Chasma is unknown, terrestrial rifts can undergo �10% extension
in less than 3 Myr (e.g. Kusznir et al., 1996), suggesting that a
10 Myr heat pulse is compatible with the observations.

It is worth pointing out that the peak heat flow depends on the
k2/Q value of Tethys. In our simulations we have used (k2/
Q)Tethys = 0.001; this value, however, has a large uncertainty (Chen
and Nimmo, 2008). A different k2/Q for Tethys has two effects: both
the heat flow and the eccentricity damping rate are proportional to
it. Thus, if (k2/Q)Tethys is larger than what we assumed, the peak
heat flow is higher, but it decreases more rapidly to the equilib-
rium value.

Successful scenarios, such as that shown in Fig. 2, thus require
an initially high eD to produce the required heat output at Tethys.
This non-zero free eccentricity may be justified by the longer tidal
damping timescale of Dione’s orbit compared to that of Tethys. The
eccentricity damping rate due to satellite tides is a steep function
of the satellite’s orbital semi-major axis (e.g., Murray and Dermott,
1999):

_e
e
/ k2

Q
ma13=2;

where m and a are the satellite’s mass and semi-major axis, respec-
tively. Assuming similar k2 and Q for Tethys and Dione, Dione’s
eccentricity damping timescale is nearly 10 times as long as Tethys’.
Furthermore, studies on the recent evolution of the 2:1 Enceladus–
Dione resonance (Meyer and Wisdom, 2008b; Zhang and Nimmo,
2009) suggest that tidal dissipation in Dione is weak, leading to
even longer eccentricity damping timescale for Dione. Hence, if
the resonance was encountered when the system was a few hun-
dred million years old, Dione likely still retained part of its primor-
dial eccentricity.

Once trapped into the e-Dione resonance, the orbits of the two
satellites can be very stable when tidal equilibrium is reached (see
Fig. 2). The two satellites, however, are not in this resonance today.
Thus some mechanism is required to break the resonance. As dis-
cussed below, we find that the impact that formed the Odysseus
basin could also have broken the resonance.

3.4. Giant impact and formation of Odysseus

Giese et al. (2007) argued that the Odysseus basin is younger
than Ithaca Chasma. Thus the formation of the canyon, and by
inference the heating event, both predated the impact which
formed Odysseus. The scenario shown in Fig. 1 is compatible with
this order of events, with the Odysseus-forming impact breaking
the 3:2 Tethys–Dione resonance and allowing the satellites orbits
to evolve towards their current states.

An impact is able to break a mean-motion resonance because it
change the semi-major axis of the target satellites. Each resonance
has an effective width which can be described in terms of orbital
mean motion or semi-major axis. A sudden change in semi-major
axis exceeding the width of the resonance is required to break

the resonance. The resonant width may be analytically estimated
(see, e.g. Murray and Dermott, 1999), but only for weak resonances
and by using simplified assumptions. We determined the width of
the e-Dione resonance numerically based on a series of simula-
tions. These simulations are similar to the one shown in Fig. 2,
but with different change in aT at the impact. We found that in or-
der to break the resonance, the minimum change in DaT required is
0.001aT.

Given an impactor of mass mi and impact velocity vi, if it hits
Tethys from directly behind so that its effect on the satellite’s orbit
is at maximum, the change in aT can be calculated based on the
conservation of angular momentum:

DaT

aT
� 2

miv i

mTvo
;

assuming mi�mT. Here vo is the orbital velocity of Tethys. We do
not assume energy conservation due to the inelastic nature of the
impact. As a result, the above equation and all equations in the rest
of the paper may only be applied to in-line impacts when the pro-
jectile moves in the same direction as Tethys. Further constraints
would be required for the more general case of an oblique impact.

In Fig. 4, the minimum impact momentum required to break the
resonance is shown as the solid curve. Any combination of mi and vi

below the curve is unable to break the resonance. It is worth point-
ing out that a direct head-on impact is as effective in altering
Tethys’ orbit as a catching-up one. But a head-on impact will de-
crease aT rather than increase it. As a result, the distance between
the two orbits increases. Even if the impact breaks the resonance,
the two orbits will eventually get into the resonance again because
they are converging.

To break the resonance requires an impactor of a given momen-
tum, but that impactor must also create a basin similar in size to
Odysseus. Fig. 4 also plot impactor mass and velocity combinations
which form an Odysseus-size (450 km diameter) basin, using the
two crater scaling laws given in Eqs. (1) and (2). Above the curves,
a larger crater will be formed; and below them, a smaller one. The
major difference between the two scaling laws, as mentioned ear-
lier in this paper, is the impact velocity used in the lab experiment.
Schmidt and Housen (1987) used supersonic projectiles, while
Barnouin-Jha et al. (2007) used subsonic ones.

Using the low-velocity (Barnouin-Jha) scaling, Fig. 4 shows that
for an impact to both break the Tethys–Dione resonance and form
a basin similar in size to Odysseus, the projectile has to be massive

Fig. 4. Diameter and impact velocity of possible impactors. The solid curve shows
the minimum momentum required to break the 3:2 Tethys–Dione resonance; the
dotted and dashed curves show combinations of impactor diameter and velocity
required to form the 450 km-diameter Odysseus basin, based on the scaling laws
given in Eqs. (1) and (2). The vertical line indicates the escape velocity of Tethys.
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and travel slowly relative to Tethys. The projectile diameter is
around 250 km (roughly 1.3% the mass of Tethys assuming the
same bulk density), and the impact velocity must be below
500 m/s. This velocity is not much greater than the escape velocity
of Tethys (about 400 m/s). The low velocity inferred is internally
consistent with the scaling approach used.

By contrast, the high-velocity (Schmidt–Housen) scaling shows
that an impact capable of breaking the resonance would produce a
crater that was somewhat too large. However, the inferred impact
velocities are so low that use of the Schmidt–Housen (supersonic)
scaling is unlikely to be appropriate.

According to the low-velocity scaling, an impact could have oc-
curred which would have broken the resonance without making a
crater significantly larger than Odysseus. We acknowledge that all
scaling rules are based on extrapolation of laboratory experiments
under terrestrial conditions and with materials different from the
satellite, and thus that the margin of uncertainty associated with
Fig. 4 is not negligible. Nevertheless, we conclude that breaking
the Tethys–Dione resonance was likely achieved by a massive body
impacting Tethys with a relatively small velocity.

4. Discussion

4.1. Q of Saturn

As we mentioned in Section 2.1, k2/Q of Saturn affects the time-
scale of the satellites’ orbital evolution. This may change the timing
of the relevant events as a whole, but it does not alter their se-
quence. Nevertheless, our story does provide a constraint on the
lower limit of the value. In all our simulations, we have used k2/
Q = 5.4 � 10�6 for Saturn. This value place the occurrence of the
3:2 Tethys–Dione resonance at about 4 Gyr before present. For
any k2/Q < 4.8 � 10�6, the resonance would not have occurred dur-
ing the Solar System’s 4.5 Gyr history. With a reasonable estima-
tion of k2 = 0.341 (Gavrilov and Zharkov, 1977), this implies
QSaturn < 70,000.

On the other hand, a smaller QSaturn, or a very dissipative Saturn,
would lead to a more recent occurrence of the events. A lower limit
of QSaturn = 18,000 determined by Peale et al. (1980) based on the
current location of Mimas places the 3:2 Tethys–Dione resonance
at �1.2 Gyr before present. There are two consequences for our
scenario. The first is that Dione might not retain its primordial
eccentricity to this late stage, although it might still retain some
eccentricity from earlier resonance crossings. For example, the
5:3 and 2:1 resonances between Tethys and Dione both occur be-
tween 3 and 4 Gyr ago with QSaturn = 18,000. The second conse-
quence is that there are fewer candidates for the projectile at
this late stage.

In conclusion, if our scenario did occur, it most likely happened
at an early stage of Solar System history. Thus, Q of Saturn is likely
to be near 70,000.

4.2. Tidal heating due to impact

It might be argued that, since the Odysseus-forming impact ex-
cited Tethys’ eccentricity, no paleo-resonance is required to ex-
plain an episode of tidal heating. There are two objections to this
argument. First, crater counts suggest that the tidal heating event
occurred before the Odysseus-forming impact (Giese et al., 2007).
Second, the amount of tidal heating generated by a likely impact
is too small. For a non-resonant Tethys initially in a circular orbit,
its eccentricity after an impact can be derived based on conserva-
tion of angular momentum:

e � 2
miv i

mTvo
:

Here again we assume that the projectile comes from directly be-
hind Tethys. For an impact which results in a 0.1% change in aT,
Tethys’ eccentricity can only be pumped up to about 0.001, far
too small to provide the required tidal heating.

The total tidal heat output can also be estimated directly by the
loss of orbital energy after such an impact:

DEorb � 2
mi

mT
miv2

i :

For an impactor with the same parameters as in the simulation
shown in Fig. 2, the total dissipated energy amounts to about
1023 J. Given that the dissipation timescale is on the order of
10 Myr, the average heat flow is only about 0.2 GW, far less than
that inferred by Giese et al. (2007). We show this in Fig. 5 with a
simulation in which Tethys is not in resonance with Dione and is
hit by a projectile with parameters described above. The eccentric-
ity of Tethys only jumps to about 0.0009, and the peak heat flow is
only 0.6 GW.

This result is in apparent contradiction with Fig. 2, in which the
same impact causes a peak heat flow of �40 GW. The most likely
explanation of the difference is that orbital angular momentum ex-
change can occur when the two satellites are in resonance; in this
particular case, it leads to higher values of eT. We further find that
this ‘‘boosting effect’’ is strongest when the momentum of the pro-
jectile is at the critical value required to break the resonance. This
effect is not important for the conclusions of this paper, since we
only require an impact to break the resonance (the inferred heating
event is caused by the earlier capture into resonance). Nonetheless,
it provides a potentially important way of enhancing the heating
effect of a giant impact, and we propose to study this mechanism
further,

4.3. Origin of the impactor

Given the slow impact velocity of the impactor, it most likely
originated within the Saturn system since any heliocentric objects
would have a much larger impact velocity. For a neighboring satel-
lite of Tethys with semi-major axis a0 = aT + Da with Da� aT, the
relative orbital velocity of the two is roughly

Dv � Da
2aT

vo: ð3Þ

Fig. 5. Effects of a giant impact on Tethys. We show the semi-major axis,
eccentricity, and total tidal heat flow of Tethys. In this simulation Tethys has the
same orbital and physical properties as the one shown in Fig. 2, but it is not in
resonance with Dione. The same projectile as is used in Fig. 2 hits the satellite at
10 Myr.
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The orbital velocity of Tethys vo � 11 km/s. For an impact velocity
no more than 500 m/s, Da/aT should be less than 10%, or about 14
Hill radii. Note that the orbit of the projectile must also have an
eccentricity e > jDa/aTj so that collision can actually occur. For
eccentric orbits, the relative velocity during impact may be greater
or less than Eq. (3), depending on whether the projectile has a larger
or smaller semi-major axis than Tethys. In any event, collisions be-
tween objects with such relatively close separations and low eccen-
tricities are a natural outcome of the late stages of satellite
accretion. In Canup and Ward (2006, Supplementary information),
these authors point out that in more than half of their simulations
two satellites end up separated by relatively small distances (<9
mutual Hill radii) and are therefore likely to collide on timescales
of a few hundred million years. These timescales are consistent with
the resonant encounter and impact timing we have assumed (see
Fig. 2). Since the orbit of the projectile is very close to that of Tethys,
the angle between the velocity of Tethys and the projectile is small
unless the eccentricity of the projectile is sufficiently large. This jus-
tifies our assumption of in-line impact a posteriori.

Another possibility is that the hypothetical impactor was origi-
nally a co-orbital of Tethys. Peale and Greenberg (2009) explored a
similar idea in order to explain the energy source of Enceladus’
plume. One benefit of a co-orbital satellite origin is that the projec-
tile’s orbit may be stable for a long time (Tethys has two co-orbital
satellites today, which are likely to be in stable orbits for billions of
years). Although our scenario does not require that the impact oc-
cur recently, a potential projectile available at a later time would
allow more parameter space for Saturn’s Q. In order for a co-orbital
satellite to work to our favor, its orbit must be disrupted by the 3:2
resonance. We study the probability of this through numerical
simulations.

We take the same system as shown in Fig. 2, and add a Tethys
co-orbital satellite with 1% of Tethys’ mass. A typical simulation
is shown in Fig. 6. Initially the co-orbital is in a horseshoe orbit
(/ = kC � kT ranges more than 180�). As Tethys and the co-orbital
approach their 3:2 resonance with Dione, the orbit of the small sa-
tellite becomes unstable and its eccentricity goes up. After the res-
onant capture, its orbit keeps unstable for a while, and even switch
between horseshoe orbit and tadpole orbit (/ range less than 180�)
sometimes. However, the co-orbital satellite eventually settles in a
stable tadpole orbit.

In the 200 or so simulations with a Tethys co-orbital in a ran-
dom but stable initial orbit, the satellite always ends up in a stable
orbit after the resonance trapping. It therefore appears that this
scenario is less likely, and an early collision with a nearby satellite
in a low-eccentricity orbit (Canup and Ward, 2006) is the most
likely source of the inferred low-velocity impactor.

4.4. Resonance-breaking by other perturbations

Besides a giant impact, perturbations from a subsequent reso-
nance crossing might also have been able to break the 3:2 e-Dione
resonance. As we mentioned in Section 3.1, the 5:3 resonance be-
tween Rhea and Dione could have occurred not long after the
Tethys–Dione one that we study in this paper. We have run a
few sets of simulations with Rhea and Dione entering this reso-
nance at different time during the Tethys–Dione resonance trap-
ping. We find, however, that in no case can the Tethys–Dione
resonance be broken. The system either exits the Rhea–Dione res-
onance and stays in the Tethys–Dione one, or evolves into a stable
three-body resonance involving all three satellites. Other possible
resonances include the 3:1 Mimas–Dione one, and the current
2:1 resonances of Enceladus–Dione and Mimas–Tethys (cf. Fig. 1
in Zhang and Nimmo, 2009). All three resonances are much weaker
than the Rhea–Dione one in terms of their effects on Dione or

Tethys, and thus less likely to help break the 3:2 Tethys–Dione
resonance.

5. Summary

Geological observations indicate that Tethys underwent a heat
pulse prior to the formation of the Odysseus basin. The most likely
source of this heat pulse is an ancient tidal resonance. In this work
we have shown that capture into the 3:2 Tethys–Dione resonance
can cause transient high Tethyan eccentricities which can explain
the inferred heat flux. The 3:2 resonance is very stable; however,
the Odysseus-forming impact is capable of having broken the res-
onance and allowing Tethys to evolve to its present-day orbital
configuration. This impactor was both large and slow-moving,
and was probably a neighboring satellite.
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