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Abstract During the Cassini mission the Saturnian moons Dione and Tethys showed intriguing and
multiple clues suggesting residual geologic activity that might be detectable as an atmosphere, plume, or
even heat signature. These clues included an atmospheric aura around Dione, injection of particles into
Saturn’s magnetosphere, mysterious red streaks on Tethys, and possible cryovolcanic features on Dione. A
concerted effort that was strengthened in the latter stages of the mission included the acquisition of
stellar occulations by the Ultraviolet Imaging Spectrograph (UVIS) of both Dione and Tethys and high solar
phase observations of Dione by the Visible Infrared Mapping Spectrometer (VIMS) to detect forward
scattering from grains in a plume. Analysis of these observations shows no evidence for even a low level of
activity on either moon. In addition, infrared images at 2.65 μm obtained throughout the mission were
scrutinized for the reappearance of an atmosphere-like aura, with negative results.

Plain Language Summary Two moons of Saturn, Dione and Tethys, showed intriguing clues
suggesting residual geologic activity on their surfaces throughout the Cassini mission. A close inspection of
data from the ultraviolet and visible/infrared imagers on Cassini failed to detect an atmosphere or plume
on either moon.

1. Introduction

Spacecraft exploration has turned the icy moons of the giant planets into tangible geologic worlds. At least
three—Io, Triton, and Enceladus—have volcanic or cryovolcanic activity, and Europa has exhibited several
intriguing events that suggest it too possesses geysers or plumes of some sort (Jia et al., 2018; Roth et al.,
2014; Sparks et al., 2016, 2017). As the Cassini Mission came to a close, one of the great unknowns was
whether any moons other than Enceladus were still active or had been active in the recent past. During
themission, focus was placed on acquiring observations that were designed to detect evidence for volcanism
on the icy moons that showed any hints of activity.

The two moons that exhibited the most convincing clues for past volcanism or residual activity were Tethys
and Dione. They both showed indications for the injection of two separate plasma streams into Saturn’s mag-
netosphere (Burch et al., 2007), with distinct tori forming in the location of each of their orbits. Khurana et al.
(2007) presented magnetometer data that were consistent with a mass loading of 0.72 kg/s neutrals from
Dione, about 0.3% of that from Enceladus; this amount cannot be explained by sputtering from the surface
alone. (Rymer et al. (2009) consider an alternate explanation that involves plasma “bubbles” in the equatorial
plane of Saturn rather than a source from Dione.)

The possible existence of a subsurface ocean on Dione provides the basis for the many lines of evidence for
residual geologic activity on Dione. Three of the five targeted flybys of Dione during Cassini’s 13-year mission
were devoted to gravity analysis to understand the interior of Dione, specifically whether it harbors a subsur-
face ocean. Such an ocean was inferred from two separate studies (Beuthe et al., 2016; Hemingway et al.,
2016). Further evidence for this ocean at least at some point in Dione’s history was provided by a geophysical
analysis of the formation of Janiculum Dorsae, a raised feature on Dione’s surface. The heat flux required to
form this feature is 25–60 mW/m2, much greater than that expected solely from radioactive decay, but which
can be generated by tidal heating in a liquid ocean (Hammond et al., 2013).
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No flybys of Tethys were devoted to gravity studies, so we have no accurate view of its interior. However,
strange and unique reddish deposits that seem to be painted onto its surface were discovered during the
mission (Schenk, 2015), and no agreed-upon explanation for them has emerged yet. Although the material
in the streaks has a distinct composition indicating that they are rich in organics, more complete modeling
is required to show that this spectral difference is not due to different particle sizes in the streakmaterial com-
pared to the surrounding terrain (Buratti, Brown, et al., 2018).

The detection at 2.65 μmon 15 December 2004 of a transient aura-like ring around Dione suggested the exis-
tence of an atmosphere (Clark et al., 2008). Magnetometer data obtained on 11 October 2005, less than a year
after the Clark et al. observations, show a weak field perturbation in the upstream region, indicating a tenu-
ous atmosphere as well (Simon et al., 2011). The signature was not seen on 7 April 2010. Observing with the
Cassini Plasma Spectrometer (CAPS) during the same close (500 km) flyby on 7 April 2010, Tokar et al. (2012)
discovered a thin exosphere (~0.01–0.09 particles/cm3) of O2

+ corresponding to an O2 radial column density
of 0.9 to 7 × 1011/cm2. A search for forward scattered radiation at solar phase angles >150°, indicating a
plume, was negative (Buratti et al., 2011). These sporadic detections with different Cassini instruments
provided the motivation to obtain additional close flybys of Dione, as well as occultations and high phase-
angle observations.

Dione also possesses possible cryovolcanic structures on its surface, surrounded by what appears to be vast
infilled relatively crater-free plains (Buratti, Crary, et al., 2018). Linear groves and scarps in its south polar

Table 1
A Summary of the Observations

UVIS occultation circumstances and coordinates (Hansen et al., 2018)

Object Date, Orbit Star Latitude Longitude (W)

Dione 24 December 2005 66 Ophiuchus Ingress �54.1 148.8
19 Egress �52.1 328.6
27 May 2007 Alpha Leo Ingress 24.8 102.1
45 Egress 61.9 294.5
20 September 2009 Epsilon Canis Majoris Ingress 34.7 17.2
118 Egress 51.0 140.5
23 July 2012 Alpha Virginis Ingress �5.8 137.4
169 Egress �5.6 321.3
12 August 2012 Kappa Orionis Ingress 24.2 109.4
170 Egress 56.8 279.1
28 April 2013 Alpha Lyrae Ingress �36.5 158.0
188 Egress �53.6 200.5
13 February 2016 Alpha Virginis Ingress �9.2 171.1
232 Egress 37.4 340.5
8 March 2016 Alpha Virginis (lost) Ingress 22.1 54.8
233 Egress �4.3 229.0
27 February 2017 Beta Crucis Ingress �22.8 122.6
263 Egress 17.7 324.9
5 April 2017 Alpha Eridani Ingress 20.9 232.3
268 Egress �29.8 306.1

Tethys 24 September 2005 Beta Tau Ingress 8.6 328.5
Egress �23.1 159.3

23 May 2006 66 Ophiuchus Ingress 22.8 33.8
Egress 28.0 213.7

5 June 2017 Epsilon Orionis Ingress 8.1 116.5
Egress 34.7 294.0

VIMS high solar phase angle observations

Object Mission phase Solar phase angles No. of images Comments

Tethys Entire mission 150–152 22 Results in Buratti et al. (2011).
Dione Nominal and extended mission 148–168 387
Dione Solstice mission, F-ring, and proximal orbits 148–154; 159–164 123
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region may be nascent or fossilized activity. Rampart craters and evidence for amorphous ice suggesting
rapid freezing (Newman et al., 2009) also imply some localized liquid water.

The limb brightening in 2004, mass loading in 2005, and surface geologymade it worthwhile to look for erup-
tive activity at Dione. Throughout the mission whenever there was an opportunity for Cassini’s Ultraviolet
Imaging Spectrograph (UVIS; Esposito et al., 2004) to observe a stellar occultation, it was utilized. During
the last year of the mission, continuing into the Proximal Orbits, there was a concerted Visible Infrared
Mapping Spectrometer (VIMS) campaign to obtain as many high solar phase angle observations of Dione
as possible to see if a plume would ever appear. No increased effort was expended on Tethys as the evidence
for its activity or the presence of an ocean was not as compelling. An additional stellar occultation by Tethys
with ingress near one of the red streaks was captured by UVIS in 2017 (Hansen et al., 2018; see Table 1).

In this paper we discuss the UVIS occultations and the high solar phase anglemeasurements (α> 147°) by the
Visual Infrared Mapping Spectrometer (VIMS; Brown et al., 2004) for both Dione and Tethys. In addition,
images at 2.65 μmwere searched in each of the 101 Cassini sequences for the appearance of an aura suggest-
ing an atmosphere.

In the end no clear evidence of ongoing activity on Dione was discovered during the mission. Many observa-
tions at large solar phase angles were obtained during the extended missions, but there was no obvious
plume. The tenuous exosphere may be transient, as it was not consistently seen; in fact, it was seen in ima-
ging (VIMS) observations only once. Perhaps there is some type of low-level residual outgassing on Dione
that is sporadic in nature and that cannot be detected bymore than one instrument at once due to sensitivity
limitations or observational constraints. Because there was no scan platform on Cassini, close flybys were
optimized either for remote sensing or fields and particles instruments. All these data—the occultations,
the high phase angle measurements, and VIMS images at 2.65 μm—are examples of observations that have
a low probability of successfully capturing an active event, but they would have had high scientific value and
spawned further investigation if they had yielded positive results.

2. Observations
2.1. VIMS

VIMS spans a wavelength range of 0.35 to 5.1 μm in 352 spectral channels. Each observation is a spectral cube
consisting of a 64 × 64 spatial image at each of the 352 wavelengths; many if not most images are subfields of
the full 64 × 64 array. All images in this study were obtained at distances of less than 1.3 million kilometer,
and the integration times ranged from 160 to 640ms. High solar phase observations of Dione and Tethys dur-
ing the nominal and extended missions are described in Buratti et al. (2011). During the second extended
mission, and the F-ring/proximal orbits, more than 100 additional VIMS observations of Dione were obtained
(see Table 1). During the final year of the mission, a special effort was expended to gather as many high phase
angle images of Dione as possible, with 62 successful observations in 2017. No additional high phase angle
measurements of Tethys at distances less than 1.3 million kilometers were obtained after the Buratti et al.
(2011) paper.

2.2. UVIS

Throughout the mission, UVIS observations of 10 stellar occultations by Dione and 3 by Tethys were planned
to search for plumes or atmospheres (Hansen et al., 2018). The events were distributed in longitude and lati-
tude space (see Figure 1 for Dione). The three Tethys occultations took place in September 2005, May 2006,
and June 2017, the middle of which was near a red streak. Each stellar occultation was observed using the
UVIS Far Ultraviolet (FUV) channel and the High Speed Photometer (HSP). All were successful except for a
Dione observation lost due to a downlink failure.

3. Analysis and Results
3.1. VIMS

We constructed solar phase curves by calculating brightness measurements as described in Buratti et al.
(2011): the entire signal within a square aperture containing the satellite, plus one radius beyond the satellite,
was added. Due to the number of images, the entire process was automated, so subtractions for extraneous
features in the VIMS cubes such as rings, Saturn, or other moons were not done. Figure 2a shows solar phase
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curves of Dione in seven representative wavelengths (no corrections have been made for rotational phase
variations). The most pronounced forward scattered wavelength for Enceladus was at 2.0 μm (Buratti et al.,
2011; Pitman et al., 2010); the curve for Dione at this wavelength is shown with Enceladus for comparison in
Figure 2b. There is one observation at 163.52° obtained on 23 October 2016 that shows a substantially

Figure 1. The ingress and egress points of the stellar occultations are shown by the colored symbols. The ~250 km circles
show the locus radius over which the detection of an absorption by a possible plume would be observable. The red
points are the ingress and egress points of the lost occultation.

Figure 2. (a) The integral brightness of Dione at various wavelengths for all the solar phase angles covered during the entire mission. No rotation corrections have
been done. (b) The observations at 2.0 μm, which show the most prominent plume signal in the case of Enceladus, with Enceladus for comparison. One point
obtained on 23 October 2016 is much higher than the rest and appears to be a possible plume signature. But this particular observation shows strong Saturn shine.
(c) The Imaging Science Subsystem (ISS) image taken at the same time and available on the public Cassini website as raw image number N00270659. (d) When
subtraction of this signal is done on the VIMS image, the spurious signal disappears and the value of the integral brightness is in line with other measurements at
that solar phase angle.
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enhanced signal suggesting the detection of a plume. However, Imaging Science Subsystem (ISS) images
from the files of raw images on the Cassini website show substantial Saturnshine (Figure 2c), as does the
VIMS image that corresponds to that anomalously high point (Figure 2d). Indeed, the Saturnshine on the
VIMS image is far greater than the signal from the lit crescent. If the intensity in individual pixels in the lit
crescent and the unlit disk of Dione are counted, the result is that only 2% of the signal is due to forward
scattered radiation from the Sun, obviating the presence of a plume. Figure 2b shows that the data point
corrected for Saturnshine is in line with other high-phase angle observations.

No special observations were designed to study a possible transient atmosphere that was detected in 2004
by Clark et al. (2008). This feature appeared at 2.65 μm as an emission-like feature. Images ranging in integra-
tion time from 100 to 640 ms in each of the 101 sequences were closely inspected and no other appearances
of the atmosphere-like feature ever occurred. Representative images spread out throughout the mission are
shown in Figure 3.

3.2. UVIS

Data from each of the occultations were processed similarly: all wavelengths for both the FUV and HSP chan-
nels were summed separately, and pixels where the star signal appeared were coadded to produce a final
integrated brightness. The estimated plume height for Dione is 250–540 km, depending on the assumed
gas velocity. The “best case” velocity for plume detection is ~510m/s—any faster and the speed will be above
escape velocity, in which case the ray to the star would need to intersect the source; at less than escape
velocity the molecules will be bound and arc back to the surface. A height of 250 km corresponds to a gas
temperature of ~100 K, quite a bit lower than the likely value at Enceladus, representing a loose lower bound.
The circles in Figure 2 show the areas that would be intersected by the ray to the star; that is, the presence of a
250 km plume sourced anywhere in the circle would have been detected.

Figure 4a shows an example of the FUV data obtained in the 5 April 2017 occultation of alpha Eridani by
Dione, with an integration time for the FUV of 2 s. The spectrum is summed over wavelength and plotted
versus time. There is no gas absorption signature in either the FUV or the corresponding HSP data.

Figure 3. Representative samples of VIMS images of Dione at 2.65 μm obtained throughout the mission. Some of the images are elongated as the instrument was in
a “Nyquist sampling mode” in which double resolution was obtained in one dimension. No evidence for an atmospheric emission ever appeared again. The
ranges of specific intensity (I/F) used in the stretch of the images appear at the bottom of each image. The range of I/F used for the stretch was not mentioned in the
Clark et al. (2008) paper, but it is clear from the image that the brightest pixels were in the regions surrounding the moon. The integration times of these images are
(left to right, top to bottom) 160, 160, 100, 100, 100, 120, and 160 ms.
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Three stellar occultations by Tethys were also observed (Hansen et al., 2018; see Table 1), including 1 of 66
Ophiuchus that was very close to one of the red streaks on ingress. FUV data for this occultation are shown
in Figure 4b. No gas absorption was detected on any of the occultations.

4. Conclusions

The VIMS and UVIS observations both obtained the same result: No evidence for a plume, jet, or transient
atmosphere was detected on Dione or Tethys. However, these nondetections can place important constraints
on the amount of effluents from the surfaces of these moons. In addition, the UVIS constraints are well above
the estimated atmospheric abundances from particles instruments (Simon et al., 2011; Tokar et al., 2012).

Enceladus observations have established that UVIS can detect water vapor column densities down to
3 × 1015 molecules/cm2 (Hansen et al., 2017); any eruption would have to be at a level less than that to escape
detection. The upper limit column density for other materials depends on the composition; for possible gases
such as NH3, C2H4, or CH3OH the upper limit range is 3–9 × 1015/cm2.

Particulate content that could be detected by UVIS can also be estimated. The optical depth detectable is lim-
ited by noise. We used the FUV summed over wavelength to calculate a noise equivalent optical depth limit
of 0.04. Assuming that the particles are ice with a radius of 2 μm, the upper limit for particulate column den-
sity is ~10�5 g/cm2.

A previous estimate of the amount of material being expelled from Dione based on a VIMS nondetection was
~1 × 10�2 (1%) of that of Enceladus (Buratti et al., 2011). These new more extensive observations enable a
comparison with Enceladus at 167°, where the plume is most forward scattering. A much tighter upper limit
of 0.02% or 2.3 × 1012–2.4 × 1013/cm2 water vapor column density is obtained with these newmeasurements.
The previously determined limit for Tethys was 6.47 × 1013–1.06 × 1015/cm2.

A parallel study using thermal data from the Composite Infrared Spectrometer (CIRS) also found no evidence
for activity on Dione (Howett et al., 2018).
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