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INTRODUCTION: Past remote observations of
Saturn by Pioneer 11, Voyager 1 and 2, Earth-
based observatories, and the Cassini prime and
solstice missions suggested an inflow of water
from the rings to the atmosphere. This would
modify the chemistry of Saturn’s upper atmo-
sphere and ionosphere. In situ observations
during the Cassini Grand Finale provided an
opportunity to study this chemical interaction.

RATIONALE: The Cassini Grand Finale con-
sisted of 22 orbital revolutions (revs), with the
closest approach to Saturn between the inner
D ring and the equatorial atmosphere. The
Cassini Ion Neutral Mass Spectrometer (INMS)
measured the composition of Saturn’s upper
atmosphere and its chemical interactions with
material originating in the rings.
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RESULTS: Molecular hydrogen was the most
abundant constituent at all altitudes sampled.
Analysis of the atmospheric structure of H,
indicates a scale height with a temperature of
340 + 20 K below 4000 km, at the altitudes
and near-equatorial latitudes sampled by INMS.

Water infall from the rings was observed,
along with substantial amounts of methane,
ammonia, molecular nitrogen, carbon monoxide,
carbon dioxide, and impact fragments of organic
nanoparticles. The infalling mass flux was cal-
culated to be between 4800 and 45,000 kg s*
in a latitude band of 8° near the equator.

The interpretation of this spectrum is com-
plicated by the Cassini spacecraft’s high velocity
of 31 km s relative to Saturn’s atmosphere. At
this speed, molecules and particles have 5 eV per
nucleon of energy and could have fragmented

40

upon impact within the INMS antechamber of
the closed ion source. As a result, the many
organic compounds detected by INMS are very
likely fragments of larger nanoparticles.
Evidence from INMS indicates the presence
of molecular volatiles and organic fragments
in the infalling material. Methane, carbon
monoxide, and nitrogen make up the volatile
inflow, whereas ammonia, water, carbon di-
oxide, and organic compound fragments are
attributed to fragment-
ation inside the instru-
Read the full article ment's antechamber of icy,
at http://dx.doi. organic-rich grains. The
org/10.1126/ observations also show
science.aat2382 evidence for orbit-to-orbit
variations in the mixing
ratios of infalling material; this suggests that
the source region of the material is tempo-
rally and/or longitudinally variable, possibly
corresponding to localized source regions in
the D ring.

CONCLUSION: The large mass of infalling
material has implications for ring evolution,
likely requiring transfer of material from the C
ring to the D ring in a repeatable manner. The
infalling material can affect the atmospheric
chemistry and the carbon content of Saturn’s
ionosphere and atmosphere.
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Rev 290 Mass Influx: 6500-25,000 kg s

Mass per charge (u)

INMS mass spectra from the Grand Finale. The graphic depicts the Cassini spacecraft as it passes from north to south between Saturn and
its rings. The inset spectrum shows the mass deconvolution of compounds measured by INMS on rev 290. The x axis is in units of mass per
charge (u) and extends over the full mass range of INMS (1 to 99 u). The y axis is in counts per measurement cycle integrated over the closest-
approach data. The mass influx rate for rev 290, derived from mass deconvolution of the rev-integrated spectrum, is shown as embedded text in
the spectrum. The side panel gives the average of the mass deconvolution of revs 290, 291, and 292 in mass density units (g cm™). The

composition of the ring-derived compounds in terms of percentage mass density is also shown.

Waite et al., Science 362, 51 (2018) 5 October 2018

1of1

8T0Z 'S 12q0100 U0 /B10°BewsousIds 30usIds//:dny Wol) papeojumod


http://science.sciencemag.org/

RESEARCH | DIVING WITHIN SATURN’S RINGS

RESEA

CLE

GAS GIANT PLANETS

Chemical interactions between
Saturn’s atmosphere and its rings

J. H. Waite Jr.»*1, R. S. Perryman't, M. E. Perry>f, K. E. Miller't, J. Bell>%,

T. E. Cravens’, C. R. Glein', J. Grimes', M. Hedman®, J. Cuzzi’, T. Brockwell’, B. Teolis’,
L. Moore®, D. G. Mitchell?, A. Persoon®, W. S. Kurth?, J.-E. Wahlund'®, M. Morooka®,
L. Z. Hadid'®, S. Chocron’, J. Walker', A. Nagy"', R. Yelle'?, S. Ledvina'®, R. Johnson'*,

W. Tseng'®, O. J. Tucker®, W.-H. Ip'¢

The Pioneer and Voyager spacecraft made close-up measurements of Saturn’s ionosphere
and upper atmosphere in the 1970s and 1980s that suggested a chemical interaction
between the rings and atmosphere. Exploring this interaction provides information on
ring composition and the influence on Saturn’s atmosphere from infalling material. The Cassini
lon Neutral Mass Spectrometer sampled in situ the region between the D ring and Saturn
during the spacecraft’s Grand Finale phase. We used these measurements to characterize

the atmospheric structure and material influx from the rings. The atmospheric He/H, ratio

is 10 to 16%. Volatile compounds from the rings (methane; carbon monoxide and/or
molecular nitrogen), as well as larger organic-bearing grains, are flowing inward at a rate of

4800 to 45,000 kilograms per second.

arly modeling of Saturn’s atmosphere/
ionosphere coupling (I) prior to the first
radio occultation measurements by Pio-
neer 11 adopted compositional constraints
from Earth-based observations of the well-
mixed saturnian atmosphere and used a range
of values of the turbulent mixing and heating of
the atmosphere based on past planetary obser-
vations. Depending on the chosen thermal pro-
file and strength of turbulent mixing, a range of
atmospheric and ionospheric conditions were
deemed possible (7). The “nominal” model of the
ionosphere predicted that protons were the pri-
mary ion and that the proton’s slow radiative re-
combination reaction was the primary chemical
loss pathway, indicating a density of the iono-
sphere reaching 10° cm™. The modeling sug-
gested that ionospheric composition and structure
could serve as a diagnostic of the composition,
thermal structure, and turbulent mixing of the
upper atmosphere. However, the first radio oc-
cultation measurements of the ionosphere made
by Pioneer 11 on 1 September 1979 found a peak
electron density an order of magnitude lower
than predicted for moderate eddy mixing and a
warm thermosphere (2). The discrepancy was
not well understood at the time.
Voyager radio occultation measurements (3)
supported the low peak ionospheric density and
provided independent evidence that the low peak

ionospheric density extended into the night side
(4). It was suggested (5, 6) that water from the
rings flowing into the atmosphere could chem-
ically convert protons to molecular H;O" ions at
a rate that reproduced the peak electron densi-
ties observed by Pioneer and Voyager. The glob-
ally averaged water influx rate was estimated to
be 4 x 107 em™ 57, with localized influx as high
as 2 x 10° cm™ s (6). This proposal of water
influx was bolstered by further modeling (7, 8)
and ground-based observations of H;" in the
Saturn ionosphere (9).

The 59 Cassini radio occultations carried out
over the course of its prime and solstice missions
provided additional data on the ionospheric struc-
ture (8, 10). Low latitudes—within 20° of the
equator—have lower ionospheric density. Water
influx from the rings is a strong candidate to
explain the observed latitudinal variations; mod-
eling (8) indicates that water influx with a
Gaussian distribution about the equator and a
peak flux of 5 x 10° cm™ s can match the ob-
servations obtained prior to the Grand Finale
time period.

Observations during the Cassini
Grand Finale

The Grand Finale phase of the Cassini mission
began on 22 April 2017 with a final close flyby of
Titan that diverted the spacecraft to fly 22 times

between the planet and its rings. The mission
ended on 15 September 2017 after another grav-
itational deflection by Titan that sent the space-
craft plunging into Saturn’s dense atmosphere.
Cassini’s trajectory between the innermost D
ring and the planet allowed in situ coverage of
the equatorial ring-atmosphere interaction. Fly-
bys varied in altitude between 1360 and 4000 km
above the atmosphere’s 1-bar pressure level in
three groups (Fig. 1).

The Grand Finale objectives included measur-
ing Saturn’s atmospheric H, and He and search-
ing for compounds such as water that might
indicate an interaction of the upper atmosphere
with the main rings. The Ion Neutral Mass Spec-
trometer (INMS) (I7) measurements were made
several hundred kilometers above the homo-
pause, the level at which turbulent or eddy mix-
ing and molecular diffusion are equal (Fig. 1). In
this region, molecular diffusion produces a mass-
dependent separation: Lighter compounds have
a larger vertical extent due to Saturn’s gravity.
Prior to the Grand Finale, models and occulta-
tion data (12, 13) suggested that H,, He, and
HD were the only neutrals in the upper at-
mosphere that would be measurable by INMS.
The heavier molecule methane was predicted
to be present at the ~0.1% level in the well-mixed
lower atmosphere (below 1000 km; Fig. 1), but
below the detection limits of INMS at the high
altitudes sampled by Cassini (12, 13).

Atmospheric composition

INMS obtained measurements of neutral mole-
cules using the Closed Source Neutral (CSN) mode
(I1). INMS operated in a survey mode, acquiring
mass spectral data at every mass within its range
[1 to 99 atomic mass units (u) at resolution of
1 u], with a repetition rate of 9.5 s (~300 km
along track) or 4.5 s (~150 km) when ionospheric
data were or were not being acquired sequen-
tially, respectively.

Figure 1 indicates the three altitude regions
between the atmosphere and the rings where
measurements were made by INMS. Figure 2
shows data for the major atmospheric compo-
nents H,, *He, and HD + ®He, separated into
those three altitude bands. HD and *He have
the same atomic mass, so they cannot be mea-
sured separately. Because of the geometry of the
orbit (rev) for each altitude region, there is a
strong correlation between altitude and latitude.
The closest approach to Saturn occurred at 4° to
6°S and not at the equator. This allowed us to
determine whether the observed compounds are
better correlated with a neutral flux from the
rings or with Saturn’s atmospheric structure
(see below). All orbits occurred near local solar
noon. This geometry provides complementary
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information to the Pioneer, Voyager, and Cas-
sini radio occultations, which probed near the
dusk and dawn terminators. The Cassini orbits
covered a range of Saturn rotational longitudes
(Fig. 2). For the low-altitude observations (Fig.
2C), the differences in the shape of the H,, HD +
3He, and *He altitude profiles are due to changes
in their respective abundances and indicate the
effects of diffusive separation via gravity.

H, and He data were examined to determine
the variability due to altitude, latitude, and orbit,
the latter representing temporal and/or longitu-
dinal effects. For each orbit, raw count data were
converted to densities (I4) and an average altitude
and density were calculated every 5° latitude using
the 11 data points closest in latitude (Fig. 3). Local
scale heights were then fitted at each latitude
from surrounding data having densities with-
in a factor of 1/(2e) higher or lower than the aver-
age density, one e-fold about on the latitude of
interest.

In addition to local scale heights, a common
scale height was calculated using data across all
observed altitudes, latitudes, and revs. This was
facilitated because altitude and latitude are highly
correlated and do not vary much from one orbit
to the next. With the exception of 5°N latitude, all
altitude/latitude bins are consistent with this com-
mon scale height (H), given by H = kT/(mg), where
k is Boltzmann’s constant, 7"is the H, gas temper-
ature, g is the local acceleration due to gravity, and
m is the mass of the gas molecule, H, in this case.
The common scale height represented in Fig. 3
corresponds to a temperature of 340 + 20 K.
The slopes of the local scale height at 5°N are
steeper than the common scale height fit, sug-
gesting a higher temperature. The scale height
correspondence between the various altitudes/
latitudes sampled, the times/longitudes sampled
(on the different revs), and the locally determined
scale heights calculated at each point show little
evidence for major temporal or spatial atmo-
spheric variation in the region sampled by Cassini
during the Grand Finale (75).

The analysis of the INMS measurements in-
dicates an atmosphere that has a more complex
mass spectrum than predicted by models. There
is evidence for both volatile compounds and frag-
ments derived from nanograin impacts in the
INMS antechamber. We conclude that the nano-
grains are sourced from the ring plane. Figure 4
shows the latitude distributions of mass 15 u and
mass 28 u in the three distinct altitude ranges.
Mass 15 u is the CH;* fragment of methane (mass
16 u is not used because of interference from
mass 16 oxygen from water electron impact dis-
sociative ionization), whereas mass 28 u may be
derived from N,, CO, and/or C,H,. Mass decon-
volution for revs 290, 291, and 292 indicates that
less than 10% of the 15 u peak is derived from
dissociative fragments from ammonia or heavy
organics. From deconvolution of these same
spectra, we attribute the fractional contributions
of the 28 u signal to be 28% to 58% (average 45%)
CO, 41% to 50% (average 46%) N,, and 0% to 26%
(average 9%) C,H,, an organic formed from frag-
mentation of nanograins.

Waite et al., Science 362, eaat2382 (2018)

Discrimination between volatile and nanograin-
derived signals is achieved by comparing the
data in Fig. 4 at the three separate altitude ranges.
The uppermost altitude range shows that both
mass 28 u and mass 15 u reach a maximum abund-
ance at the equator rather than at the closest-
approach latitude (~5°S) with a very large spike
for mass 28 u at the equator, which we attribute
to the C,H, portion of the peak. The broad lati-

tude extent of the distributions indicates a dis-
tributed volatile source in the ring plane. The
mass 28 u signal is consistent with C,H,, derived
from nanograins that have a very narrow Gaussian
distribution peaked within 1° of the ring plane
at this altitude (~3500 km), comparable to the
nanograin distribution seen by the Magneto-
spheric Imaging Instrument (MIMI) investiga-
tion (16).
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Fig. 1. Predicted structure of Saturn’s atmosphere. Density profiles for the major atmospheric
constituents Hp, He, and CH, (thick curves) were calculated using the hydrostatic model outlined

in (29). This model was originally developed for Titan
gravity calculation by including the centrifugal acceler:

but has been modified for Saturn by altering the
ation at the equator, assuming the mean thermal

structure determined by Cassini observations (35), updating the molecular and eddy diffusion

coefficients (7), and adjusting the composition at the

lower boundary to 13.55% He, 0.45% CHj,, and

86% H, (35). Overlain are the altitudes at closest approach for the Grand Finale orbits (revs), which form

three groups.

Table 1. Mass influx values and composition of inflowing ring material. Density and
composition values are the average of revs 290, 291, and 292.

Mass influx (kg s™)

Rev number Minimum Maximum
290 6,500 25,000
291 12,000 45,000
292 4,800 18,000
Source composition
Source Density (mass fraction £

16 uncertainty)

Saturn’s atmosphere 4.7 x 107* g cm™3

Hydrogen: 99.95 + 0.01%
Helium: 0.05 £ 0.01%

Inflowing ring material 1.6 x 1076 g cm™

5 October 2018

Methane: 16 + 3%
Ammonia: 2.4 = 0.5%
Water: 24 + 5%
CO/N3: 20 = 3%
Carbon dioxide: 0.5 £ 0.1%
Organics: 37 £ 5%
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Both the mass 15 u and mass 28 u compounds
also have a component that has begun to spread
in latitude toward the closest-approach latitude
(4° to 6°S) even at the highest altitudes mea-
sured. This is more obvious for mass 15 u than
for mass 28 u. This spreading indicates that
collisions between the volatile ring compo-

nents and the saturnian atmosphere (H, and
He) are beginning to “diffusively couple” the
volatiles into the atmosphere as they flow
from the rings. At the measured atmospheric
densities for this altitude range, diffusive cou-
pling can only occur with molecular volatiles and
not heavier nanograins. The latter undergo a

smaller relative momentum exchange with the
predominantly light hydrogen atmosphere. In the
lower-altitude bands, the equatorial peaks dis-
appear as both volatiles and nanograins are
diffusively coupled into the atmosphere at the
correspondingly higher atmospheric densities.
This can be seen for the lower-altitude bands as

T
280+ 5000

a 10" L 311ow
o | = £
25 L)) —
E - 10 (0] 3
< % 3000 =2 E— HD+'He
5| 5 10° 2000 g — *He
L A 1000 - Altitude
& 10*
T T T T T T T T T T T T T
10 | 58°W 2714 63°W Z 273 242°w 2741 61°W 275 5000
- : | 4000
3000
»
S|~ 2000 —
S| & €
=10 =<
= & . 1000 =
<|z 10 B
B 1010 5000
z| 210 2
=48 4000 <C
I 10°
3000
10° 2000
1000
10*

Low Altitudes

C

5000

Altitude (km)

4000

3000

2000

1000

Fig. 2. Major atmospheric gases observed by INMS. The measured
densities (points, with shading representing the 1o uncertainty) of

H,, *He, and HD + 3He are shown along the spacecraft trajectory for

all INMS observations during the Grand Finale. (A to C) Data are grouped
into the three altitude bands denoted in Fig. 1. The signal-to-noise

ratios for the highest two altitude bands are too low to allow measure-
ment of He or HD + He. The latitude is indicated on the lower axis, and

Waite et al., Science 362, eaat2382 (2018)
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closest approach is denoted by the vertical dotted lines. The spacecraft
altitudes above the 1-bar pressure level are shown by the gray curves.
The spacecraft moves from right to left in each plot. The corotation
longitude and rev number are shown in the upper left and upper

right corner of each plot, respectively. The final plunge into the
atmosphere is labeled; the telemetry from the spacecraft ended at
~1360 km above the 1-bar pressure level.
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the peak distributions of masses 28 u and 15 u
shift into alignment with the closest-approach
latitude near 5°S. The lowest-altitude band shows
symmetric distributions of masses 15 u and 28 u.
Their variation with latitude and altitude indi-
cates that masses 15 u and 28 u are dominated by
diffusive interaction with the H, atmosphere and
are free-falling at a terminal velocity, dictated by
the increasing hydrogen density and its slowing
of the gas. Thus, as the altitude decreases and
the background atmosphere increases in den-
sity, the maximum diffusion velocity decreases
and the infalling material density increases to
maintain flux continuity (apart from small ef-
fects at this altitude due to chemical loss and
latitudinal spreading). This process allows us to
estimate the diffusion velocity and determine the
material’s influx rate from the measured den-
sities (see below).

Figure 4D reinforces the interpretation that
the observed compounds originated in the rings.
It indicates that for mass 15 u (CH3 from meth-
ane), mass 28 u (CO, N,, and C,H,), mass 44 u
(CO4 and propane), and a surrogate heavier mass
from nanograin fragments at 78 u (benzene),
the relative abundances are highest at the high-
est altitudes and reach a near-constant relative
abundance below 2500 km as the material is dif-
fusively coupled into Saturn’s atmosphere.

Although the solar local time does not vary,
the Saturn longitude does change from one orbit
to the next. The abundance and distribution of
methane, one of the major influx volatiles, varies
by a factor of 3 about the average abundance
(Fig. 4D, lowest-altitude values). These orbit-
to-orbit variations indicate a spatial or tempo-
ral change of the volatile source on time scales
that are faster than the horizontal diffusion time
scale. However, there is no simple variability as-
sociated with Saturn’s corotational longitude.
There is a tentative link to longitudinal varia-
tions in the D68 ringlet near the inner edge of
the D ring, in which a series of bright clumps
appeared in 2015 (17) (Fig. 5). An influx that is
spatially concentrated near the clumps may
in part explain the spatial and/or temporal
variations.

Impact fragmentation

The inflowing ring material impacted the INMS
antechamber at 29 to 31 km s (five times the
speeds for which INMS was designed), leading to
uncertainty in both absolute abundances and iden-
tification of the molecular species. At 31 km s,
molecules and nanoparticles carry 5 eV of kinetic
energy for each atomic mass unit, which in some
cases would have been sufficient to dissociate
incoming particles and molecules as they im-
pacted the CSN antechamber. However, studies
of surface-induced dissociation [e.g., (18)] indi-
cate that only about 25% of the impact energy
is converted to internal energy of the molecule
in the collision process. For H, this translates
into ~2.5 eV, which is below its dissociation
energy of 4.75 eV. Laboratory studies of disso-
ciation in molecule-surface collisions (19) suggest
that the interaction of H, with passive surfaces

Waite et al., Science 362, eaat2382 (2018)
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Fig. 3. Variation of H, and He with altitude and latitude. (A) H, densities (points) and locally
determined scale heights (lines with 1o uncertainty shaded in gray) for the altitude/latitude pairs
at 10°N (orange), 5°N (light blue), 0° (yellow), closest approach (~5°S, green), and 10°S (brown)
for revs 288, 290, 291, and 292 (denoted with different symbols). The common scale height
(dashed red line) was determined by a least-squares fit to the density points; it is consistent with
all the data except the scale heights at 5°N. (B and C) Zoomed versions include common scale
heights of the lowest altitudes for H, (B) and He (C). The common scale heights (dashed red lines)
show the 2:1 relation of H, to He expected for an isothermal atmosphere in diffusive equilibrium.

such as Ag proceeds as a direct interaction with
surface atoms. These atomic interactions have a
strong angular dependence, with a 10-eV neutral
beam having a probability of dissociation of 50%
for collinear collisions and >50% for perpendic-
ular collisions. Interaction with a raw Ti surface,
such as the CSN antechamber wall after fresh
material is exposed through a grain impact, can
lead to chemical adsorption (chemisorption) that
produces metal hydrides (20). Chemisorption pro-
cesses can also play a role with active metal
surfaces or with oxygen-bearing compounds.
Therefore, for Hy, CH,, NH3, and N,, the effects
of chemisorption in the fragmentation are likely
moderate in our case, whereas for H,O, CO, and
CO,, chemisorption/fragmentation will likely af-
fect our measurements. For example, some of the
CO observed at mass 28 u may be an impact frag-
ment from CO,, which does not affect our main
conclusions. Impact fragmentation of CH, to
produce CH; will likely result in reformation of
CH, on the surface due to the high content and
rapid movement of H radicals on the surface in

5 October 2018

this hydrogen-rich environment. Similarly, CHs
terminal groups from larger organics may also
add to the methane signature, but because heavy
organic compounds are at least an order of mag-
nitude less abundant, this can increase the derived
CH,, value by at most 10%. Furthermore, this
increase will be compensated by a decrease as a
result of CH, impact fragmentation that forms
CH and CH, fragments, which are lost from the
antechamber before they can pick up two hydro-
gens in separate surface reactions because the
surface coverage is relatively low (<30%). The
net result is that we expect that the CH,, statis-
tical uncertainty encompasses the additional sys-
tematic uncertainties from various fragmentation
processes.

The possibility of particle fragmentation inside
the closed source does not affect our main con-
clusions about Saturn’s atmospheric structure.
With regard to H,, the agreement of the outbound
and inbound data for each orbit examined (290,
291, and 292) below 3000 km and the common
scale heights observed at all altitudes, latitudes,
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and orbits (Fig. 3A) indicate that the effects of dis-
sociation are limited and do not affect the derived
atmospheric structure below 3500 km. However,
H, densities of 10° cm ™ in an extended outbound
region above 4000 km have a constant slope
(with density decreasing versus time and altitude)
that tracks with the decay of water, which is

A: High Altitude
Revs: 278, 279, 280

known to adsorb to the instrument walls (21). This
correlation suggests that grains have sputtered
some raw Ti into the antechamber, allowing
hydride formation on the antechamber surface.
This hydrogen may have been subsequently
displaced by the oxygen from water molecules
(TiO and TiO, are more tightly bound than the

e—eo—o Mass 15

metal hydride) clinging to the antechamber
walls after the flyby, thereby creating a low
level of H, production. This precludes the use
of values for Hy, on the outbound phase above
4000 km, but does not affect our other results.
However, the loss of water reacting with Ti vapor
does suggest that the water abundance may be as
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Fig. 4. Volatile inflow from the rings. (A to C) Plots of latitude and
altitude relative to 1 bar for the 15 u and 28 u mass spectral features

[in counts per 31-ms integration period (IP) with 1o uncertainty as
colored shading] averaged over each altitude band. The mass 2 u
counts (scaled to match the 28 u peak value) are also provided for
reference. The high-altitude band comprises revs 278 to 280 (A); the
mid-altitude band, revs 271, 273 to 275, 283, 284, 286, and 287 (B);
and the lowest-altitude band, revs 288 to 292 (C). The distributions shift
in latitude from 0° to closest approach (~5°S) as altitudes decrease.
The mass 28 u feature in the highest-altitude bin has both a broad

Waite et al., Science 362, eaat2382 (2018)
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latitude feature, like the 15 u feature, and a sharp spike at the equator
indicating contributions from both volatiles (CO and/or N;) and
grains (CoH4 fragments from organic grain impacts). (D) Abundances
(with 1o error bars) for 28 u (carbon monoxide, molecular nitrogen,
and ethylene), 15 u (methane), 44 u (carbon dioxide plus a propane
impact fragment), and 78 u (a benzene impact fragment) as a
function of altitude at the equator (squares) and at 5°S latitude
(circles). The equatorial latitude is the location of ring plane influx,
whereas 5°S latitude represents the closest approach to the
atmosphere as a result of the flyby geometry (see Fig. 2).
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much as 30% larger than reported in Table 1 and
Fig. 6. Because the deuterium hydride has a low-
er activation barrier for formation than the H
hydride (20), which led to H/D fractionation
during the flyby, the present dataset is difficult
to use for studying the H/D ratio of the atmo-
sphere and rings.

The strongest evidence that CH, and N, are
not simply by-products of fragmentation of heavy
compounds, but instead native volatile gases,
comes from the latitude distributions of mass
15 u and mass 28 u at the highest altitudes (3500
t0 4000 km; see Fig. 4 and related text). The mass
15 u (methane) and mass 28 u signals both
show a broad latitude distribution running from
20°S to 10°N latitude but differ in peak location;
this finding constitutes evidence for a latitudinal
spread of the native volatile compounds (CO and
N,), combined with C,H, impact fragments of
the organics nanograins from the peak near the
ring plane. This leads us to conclude that me-
thane, nitrogen, and carbon monoxide are native
volatiles originating in the rings. However, we
cannot rule out the possibility that some of the
carbon monoxide is a fragment by-product of
carbon dioxide, for which we also have evidence
in the spectra. We have no corresponding evi-
dence for the presence of water, carbon dioxide,
or ammonia. They may be native volatiles or frag-
ments from nanograins. Given our uncertainty
of the fragmentation processes, it is fortunate
that this rough classification between native vo-
latiles and fragments derived from nanograins

has no effect on the mass inflow flux we derive
below, although it does affect how these com-
pounds react chemically with the atmosphere
and ionosphere.

A plethora of organics

INMS spectra from Saturn’s exosphere include
signal over the full range of neutral masses, up to
99 u (Fig. 6). Species with mass exceeding 46 u
are present in all six of the final low-altitude
orbits, consistent with a local source for this mate-
rial. The count rate distributions are highest
around 16 u, 28 u, 44 u, 56 u, and 78 u, indicating
an organic-rich spectrum. These spectra are more
complex than predicted by models, with contribu-
tions from many different chemical compounds.
Our assessment of the composition of the in-
flowing material observed on revs 290, 291, and
292 gives the following fractions by weight: meth-
ane, 16 = 3%; ammonia, 2.4 + 0.5%; water, 24 +
5%; molecular nitrogen and carbon monoxide
(CO/Ny), 20 + 3%; carbon dioxide, 0.5 + 0.1%;
and organic compounds, 37 + 5%. The values
reported are the mean of the orbits analyzed.
To account for physical adsorption (physisorp-
tion) and chemisorption to the instrument walls
(21), we generated integrated spectra (Fig. 6). For
masses with a high tendency to interact with the
walls of the antechamber (those in rev 290 with a
ratio of outbound to inbound counts greater than
2 at 1750 km and with a maximum count rate
greater than 40), the integrated spectra show the
integrated signal at each mass over the full time

period for which the signal at 18 u is above the
background level. The remaining masses are inte-
grated using the time window from 500 s before
to 500 s after closest approach. We used a stan-
dard fitting procedure (22). Using data from cal-
ibrations of the INMS engineering model and the
National Institute of Standards and Technology
mass spectral library (23) to determine the dis-
sociative fragmentation patterns and absolute
calibration, we constrain the abundances of car-
bon dioxide, CO/N,, water, ammonia, methane,
hydrogen, and helium for each integrated spec-
trum. The remaining counts at masses =12 u
are attributed to organic species. Some signal
may be due in part to inorganic S-bearing species
such as H,S or SO,; however, the overall abun-
dance of these compounds is consistently < 0.1%
by mass of the inflowing material and less than
our quoted uncertainties.

The ring particle composition (i.e., compounds
other than H, and He) is approximately 37 weight
percent (wt %) organic compounds heavier than
CH,. The other abundant ring particle com-
pounds are water, CO/N,, methane, ammonia,
and carbon dioxide. Signals at 12 u and 14 u
constrain the abundances of CO and N,, respec-
tively, and suggest that an inorganic component
is likely present at 28 u. However, the value for
CO reported is an upper limit, as the constraint
from 12 u does not account for ionization frag-
ments from organics or from impact fragmenta-
tion of CO, internal to the instrument. The organic
fraction itself is fitted well by hydrocarbons, but the
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Fig. 5. Relationship between lower-altitude methane abundances and
the reflected brightness of the D68 ringlet. The radially integrated
brightness of the D68 ringlet (black line; see methods section) is plotted
as a function of the Keplerian longitude associated with the clumps in
the D68 ringlet, which has a radial distance of 67,630 km and an orbital
period of 4.93 hours. Reported brightness is relative; the measurement is

Waite et al., Science 362, eaat2382 (2018)

brightest parts of D68.

5 October 2018

unitless but once integrated radially is provided in km. Overlain are the
abundances (right axis) for methane observed by INMS between 1725 and
1750 km altitude on inbound in the low-altitude revs (288 to 292; gray
points) and their mean at each longitude (blue rectangle with 16 uncer-
tainty). The highest abundances occur for rev 291, just behind the
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Fig. 6. Integrated mass spectra for the last three orbits of the
Grand Finale. (A to C) Background-subtracted data integrated over the
flyby are shown for revs 290, 291, and 292 along with 1o error bars
(red, in most cases narrower than plotting line). INMS has unitary mass
resolution. The y axis is in counts per integration period (IP, 31 ms)
integrated over the closest-approach data. The coloring corresponds to
the dominant parent molecule for each mass. Masses 28 u and 44 u

presence of O- or N-bearing organics is not ex-
cluded. Water, 28 u, and methane are the most
abundant volatiles with ratios relative to H, on
the order of 107 for the integrated spectra. The
spectra are also consistent with the presence of
aromatic species, including the possible signal of
benzene at 78 u. We estimate that the total or-
ganic mass density is on the order of 1076 g cm™.
The organic compounds identified may be either
indigenous compounds present in the atmo-
sphere or the products of high-speed impacts
with INMS (see above). In either case, these
spectra suggest abundant native organic mate-
rial. The mass of hydrocarbons detected by INMS
is equivalent to the mass of ~10° cm™ nanopar-
ticles with masses in the range detected by MIMI
(16). Because MIMI detected far fewer particles,
most of the mass measured by INMS appears
to be below the 8000 u lower measurement limit
of MIMI (24).

Masses above ~70 u are poorly fit by com-
pounds with primary masses in the range of
INMS. Because studies of heavy extraterrestrial
organics indicate that these heavier organic com-
pounds include aromatics [e.g., (25)], common
aromatic molecules such as naphthalene were
added to the spectral library as candidate parent
species for this region. Compounds produced by
ice irradiation experiments (26, 27) were also
considered. We find that this mass region is con-
sistent with the presence of aromatic compounds
comprising ~5 to 10 wt % of organics. Aromatic
material would be subject to impact dissociation

Waite et al., Science 362, eaat2382 (2018)
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that may yield aliphatic compounds, so this
abundance of aromatic material is a lower limit.

Estimating the mass influx in the
equatorial region

We estimated the mass influx of material in the
equatorial region by combining calculations of
the material velocities and densities. From the
mass deconvolution described above, we esti-
mated the densities of methane, water, ammo-
nia, nitrogen, carbon monoxide, carbon dioxide,
and organic fragments measured at an altitude
of 2000 km during revs 290, 291, and 292 (see
Fig. 6). We used two different approaches to
determine the appropriate downward diffusion
velocity. One is based on the limiting flux eq-

uation (28):
Dy m
=—(1-—— 1
o=t (1-2) W

where H is the scale height (we use a value of
150 km based on the INMS data), m; is the mass
of the minor species of interest, and m is the
mean mass of the atmosphere (we use a value
of 2 u). Dy, is the coefficient for diffusion of spe-
cies 1 in species 2. The alternative approach uses
the diffusion coefficients calculated using a sim-
ple hydrostatic model adapted from previous work
(29). The methane diffusion velocity at 2000 km
is calculated using both methods for a range of
influx values of methane. The maximum (1 x
10* cm s7') and minimum (4.5 x 10° cm s7) dif-
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are both dominated by multiple components: CO/N, plus organics
(28 u) and CO; plus organics (44 u). The side panel gives
deconvolved mass density: H, and He from the atmosphere;

and other compounds from the rings, whose percentage contributions
to the ring material are also shown. The mass influx rate for each

rev is shown at the top right of each panel. Mass influx rates

and composition are summarized in Table 1.

fusion velocities are then taken as bounding cases.
The diffusion velocities for the other materials
are scaled by the ratio to methane of their dif-
fusion coefficients flowing through H, (30). The
range of diffusion velocities used in this calcu-
lation is inclusive enough that assumptions
about whether methane, ammonia, water, nitro-
gen, carbon monoxide, and carbon dioxide are
present at 2000 km as volatiles or are derived as
fragments of a larger organic moiety will have
little effect on the diffusion velocity calculation.
The equatorial latitude band used in the mass
influx calculation is 8° wide, which is the half
width of the low-altitude measurements in Fig.
4C. The difference between the maximum and
minimum values is completely dominated by the
uncertainty of determining the diffusion veloc-
ities, which is a systematic uncertainty that is
constant from one orbit to the next. The un-
certainty due to the densities of the components
is ~1%, indicating that there is variation in the
mass influx between rev 291 and the other two
revs (290 and 292) we analyzed. However, the
mass fraction of a given component is not sta-
tistically different from orbit to orbit. Calculated
mass influx rates for revs 290, 291, and 292 and
the average composition of material from Saturn’s
atmosphere and from ring influx are reported in
Table 1 and Fig. 6.

lonospheric measurements

The open source on the Cassini INMS was de-
signed with the primary purpose of measuring
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reactive neutrals and ambient ions in Titan’s
ionosphere and upper atmosphere (1I), where
flyby velocities were in the range of 6 km s
However, the Cassini Grand Finale orbits result-
ed in spacecraft speeds relative to the atmo-
sphere of ~31 km s™. At these speeds, INMS ion
measurements were limited to <8 u. Despite
the limited mass range, INMS measurements of
light ions can be combined with Radio Plasma
Wave Spectrometer (RPWS) measurements of
the free electron content (31, 32) to produce a
more complete picture of the ionosphere. The
INMS open source has a narrow field of view
(< 2° cone) relative to the closed source (180°
cone). Therefore, the spacecraft must be used
to point the instrument into the ram direction
to allow measurements of ions. This orienta-
tion occurred on a limited set of Grand Finale
revs (283, 287, 288, and 292).

Figure 7 shows the ionospheric data obtained
by INMS during the Cassini Grand Finale. Figure
7, A and B, shows the mid-altitude band (revs 283
and 287; refer to Fig. 1 for context). These time
series indicate that for the altitudes and latitudes
covered by these orbits, the free electron density
is within a factor of 2 of the INMS measured light
ion density. The asymmetry between north and
south latitudes above 15° can be attributed to
ring shadow effects during the autumnal solstice
illumination (33). This reduces incoming solar
ultraviolet flux, lowering the photoionization, al-
though the effect is somewhat mitigated by the
long lifetimes of the H" and H;" ions and the
associated transport effects. Figure 7, C and D,
shows revs 288 and 292 from the lowest set of
altitudes, where the near-equatorial ionosphere
shows a large difference between the free elec-
tron density and the light ion density, indicating
the presence of heavier ions (>8 u) that must
account for the bulk of the ionospheric density
(more than 75% of the ions are >8 u). This heavy-
ion region is asymmetric with respect to the
equator, ranging in latitude from ~2°N to 12°S.
However, it does roughly correlate with the in-
flow of volatiles and organic nanograins from
the D ring discussed above, and closely matches
MIMI Charge Energy Mass Spectrometer (CHEMS)
measurements of nanoparticles (16). The molec-
ular volatiles (water, methane, ammonia, carbon
dioxide) can easily convert the long-lived protons
of the ionosphere into molecular ions with short-
er lifetimes, decreasing the overall electron den-
sity (6), as described below.

Figure 7E shows additional measurements of
the ionosphere for rev 288. The individual light
ion concentrations for H*, Hy", H;", and He" are
indicated. The H* and H,* densities decrease in
the near-equatorial heavy-ion region, consistent
with an inflow of heavier molecules. The H,"
ions measured are the primary product of ion-
ization in the Saturn ionosphere and are created
by ionization of H,, the most abundant neutral,
by solar extreme ultraviolet radiation (34). They
are a good tracer of the ionization process. Figure
7E also shows the scaled value of the positive
nanoparticles measured by CHEMS (16) added to
the INMS light ion density. The second-order

Waite et al., Science 362, eaat2382 (2018)

latitudinal structure of the CHEMS measure-
ments of positive nanoparticles is closely cor-
related with the free electron density of the bulk
ionosphere. Although the scaling factor is ~10°
and these very large positive ions cannot them-
selves account for the secondary structure, they

represent the positive member of a dusty plasma
that contains both neutral nanoparticles and
negative-ion nanoparticles, which appears to
affect the recombination of the primary posi-
tive molecular ions that dominate the equato-
rial ionosphere.
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Fig. 7. INMS ionospheric observations during the Grand Finale. (A to D) Summary data for all
four proximal orbits in which INMS obtained ionospheric data. The sum of the light ion densities for
masses 1 to 4 u is shown by a black line. The RPWS electron density using the Langmuir Probe (LP)
(31) is shown in dark orange and using a hybrid method (32) with the thick blue line (both on the
left axis). The atmospheric H, density is shown by a green line (right axis). (E) The same data

as (C) with the addition of the INMS-measured H*, Hs™, H,*, and He™ ion densities (left axis) and the
atmospheric H, density (right axis). The INMS ion density values are uncertain by about 21% at
the ionospheric peak, rising to 25% at £20° latitude; this is due to the combination of systematic
uncertainty in the detector gain (14) and the statistical uncertainty. Also shown is the MIMI CHEMS
measured nanoparticle positive ion density (16) multiplied by 10® (pink line) and added to the
INMS light ion density, which corresponds to the electron density structure.
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Fig. 8. Relationship of the INMS-measured He/H; ratio to the homosphere helium abun-
dance. Altitude-dependent profiles for the abundances of methane (gray curves and light blue dots)
and helium (black and purple lines and sandy brown dots) are shown. Methane data are from UVIS;
He data are from INMS. Two scenarios for the homosphere He/H, ratio are shown: 0.03 in purple
(38) and 0.16 in black (35), which is close to the jovian value (4). The solid and dash-dotted lines for
each assumed abundance use two different formulations for the turbulent diffusion (eddy diffusion)

coefficient (29, 35).

Implications for Saturn’s atmosphere
and ionosphere
Atmospheric structure
The analyses shown in Figs. 2 and 3 indicate a
background atmospheric structure that is con-
sistent with predictions shown in Fig. 1 for both
hydrogen and helium. However, species heavier
than helium are far more abundant than pre-
dicted. The differences between the predicted
and observed atmosphere are largely confined
to the excess volatiles that we have concluded
flow in from the D ring, as discussed below.

The measured hydrogen and helium abun-
dances are compared to the models (35) in Fig. 8.
The vertical profiles of the helium and methane
abundances calculated by the hydrostatic model
(29), which was used to benchmark the nonhy-
drostatic Global Ionosphere-Thermosphere Model
(36, 37), are shown. Methane abundances for
altitudes below those observed by INMS are
taken from the combination of Cassini Ultravio-
let Imaging Spectrograph (UVIS) and Composite
Infrared Spectrometer (CIRS) data (35). As can
be seen in Fig. 8, the relatively large uncertainties
in the methane abundance allow both approaches
to reproduce the UVIS/CIRS methane data equiv-
alently well, even though they use widely different
versions of the eddy diffusion coefficient.

Also shown in Fig. 8 are two different sce-
narios for the deep-atmosphere He/H, ratio. The
purple curves adopt a He/H, ratio of 0.03, con-

Waite et al., Science 362, eaat2382 (2018)

sistent with a helium abundance of ~0.0291 re-
ported from the Voyager measurements (38). We
use the ratio of 0.03 to represent the most likely
lower bound for the well-mixed atmosphere value
for helium (35). The other set of helium curves
represent a He/H, ratio in the well-mixed lower-
altitude region of the atmosphere of ~0.16 (an
abundance of helium of ~0.1355); this value is
more consistent with the recent analysis (35),
which reports a homosphere abundance of ~0.11 +
0.02 inferred from UVIS and CIRS data. The
latter approach brackets the helium abundances
obtained directly from the INMS measurements,
whereas the Voyager-derived curves systemat-
ically fall below the data (Fig. 8). This compari-
son suggests that the INMS helium data are more
consistent with a nearly jovian homosphere abun-
dance of ~0.1355 (39). In contrast, the model that
uses a lower He/H, ratio systematically fails to
reproduce the INMS data (15).

These results for the homospheric ratio of He/
H, have implications for understanding the in-
ternal structure and evolution of Saturn. The
conventional explanation for the excess infrared
luminosity of Saturn relative to the expected
thermal emission is that cooling over time leads
to the demixing of helium from hydrogen, with
the heavier helium raining out into the deeper
interior and generating heat (40). Our measure-
ments and modeling permit a modest depletion
of helium but are inconsistent with a strong

5 October 2018

depletion relative to the protosolar He/H, ratio
of 0.19 (41). As an example, the nominal INMS
value for the He/H, ratio is 0.16 (Fig. 8), which
is similar to the value at Jupiter (0.157 + 0.003)
(42). However, some additional helium rain in
Saturn beyond that in Jupiter is allowed, as the
INMS data are consistent with a He/H, ratio as
low as 0.10. A range between 0.10 and 0.16
would maintain the viability of helium rain—a
process that is consistent with He/H, < 0.12 in
the well-mixed atmosphere (43)—as the cause
of excess luminosity. This range is also consistent
with the most recently derived He/H, ratio of 0.11
to 0.16 from Voyager (44) and with the Cassini
UVIS-CIRS value of 0.09 to 0.13 (35). Overall, the
homospheric helium abundance from INMS may
be slightly higher than previous estimates, but
the uncertainties are large.

lonospheric structure

The presence of the light-ion species observed by
INMS in the ionosphere (H*, H,*, Hs*, He") was
predicted almost 40 years ago by a model of a
neutral atmosphere dominated by H, and He (7).
Ion and neutral measurements made by INMS in
the ionosphere are consistent in that they both
indicate the presence of an additional heavy mo-
lecular species (both neutral and ionized) in the
equatorial upper atmosphere. Water-group neu-
tral and ion species were predicted, but the
present Cassini data indicate that the chemical
composition of the material falling inward from
the rings is concentrated at the equator, is chem-
ically much more complex than predicted, and
includes a substantial organic component, per-
haps in the form of nanoparticles.

Dissociative and nondissociative photoioniza-
tion of molecular hydrogen (and to a lesser degree
He) by solar extreme ultraviolet radiation is the
source of ionization in the equatorial ionosphere.
The H," and H" ions thus produced undergo a
series of ion-neutral reactions, generating other
ion species such as H;" via the fast reaction Hy" +
H, — H;" + H. The H," production rate along
the spacecraft track can be determined empir-
ically by multiplying the measured H,* density
by the measured H, density (both shown for rev
288 in Fig. 7E) and by the rate coefficient of 2 x
107° ecm?® s7' (34). The production rate is
~8 cm™ s near closest approach. At these al-
titudes, the effects of approximately 50% opacity
in the extreme ultraviolet are evident in the
production rate, indicating that the spacecraft’s
closest approach nearly reached the altitude of
peak ion production. This effect is also evident
as the dip near closest approach in the H," den-
sities in Fig. 7.

Figure 7E also shows a broad gap near closest
approach between the total light-ion densities
measured by INMS and the electron densities
measured by RPWS. Assuming quasi-neutrality
(that is, the ion density approximately equals
the electron density) and neglecting negative
ions, this suggests the existence of an ion with
amass beyond the upper limit of the open source
for these orbits (8 u). This ion, or collection of
ions, is more abundant than light ions in the
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main ionospheric layer. To maintain consistency
with the neutral composition provided by the
closed source, the heavy ion cannot be solely a
water-derived molecular ion. Simple ion chem-
istry for the light ions can put limits on the
abundance of the heavy neutral ring ions with
a large dissociative recombination rate coefficient.
The low H" and H;" densities measured near
closest approach require fast reactions with a
molecular volatile at an abundance of approxi-
mately 10~* (34), consistent with the INMS neutral
data. This simple ion analysis does not indicate
the identity of the molecular volatile, which
likely includes methane, ammonia, water, and
carbon dioxide as measured by INMS. These com-
positional changes are discussed in (45).

Simple photochemistry for a single major ion
(i.e., Hy") states that the total ion production rate
equals the ion-electron loss rate from dissociative
recombination. This leads to an expression for
the electron density N,:

where Py - is the Hy" production rate and o » 5 x
107 em?® s is a typical dissociative recombination
rate coefficient (46). Using the peak production
rate near closest approach from Fig. 7 yields a
photochemical equilibrium value of N, ~ 10* cm™,
in good agreement with the peak electron den-
sity measured by RPWS (31, 32). This agreement
suggests that the role of negative ions and/or
particles in determining the charge balance may
be relatively minor.

It is well known in planetary and terrestrial
aeronomy (47) that chemistry dominates at lower
altitudes in an ionosphere, whereas transport pro-
cesses become important at higher altitudes where
the collision frequency is low. We expect this to be
true for Saturn’s ionosphere as well. The chemical
lifetime of the major molecular compounds varies
from ~200 s near closest approach up to ~2000 s
(i.e., about 30 min) near the upper edge of the
heavy-ion gap/layer. The H* chemical lifetime
should be controlled by the abundance of the
heavy neutral compounds, which increases rap-
idly with altitude, via ion-neutral reactions. Plasma
transport is largely constrained to proceed along
the magnetic field (47), which in the equatorial
region is almost horizontal. The H," production
rate sharply falls off by a factor of ~10 in the
shadow of the planet’s B ring (Fig. 7E), and the Hs"
density also falls off rapidly. However, the H*
density, which is equivalent to N, in this region,
falls more slowly. This suggests that H* is not in
chemical equilibrium in the altitude region near
2000 km and above, but that H" plasma is pro-
duced outside this region and flows into the
shadowed area.

He" ions (4 u) are created by the photoioni-
zation of atmospheric He, which falls with alti-
tude more rapidly than H, because of diffusive
separation. Figure 7E shows that the He" density
decreases more rapidly with altitude than does
the H," density. However, some of the 4 u signal
is contributed by H,D™.

Waite et al., Science 362, eaat2382 (2018)

Origin of volatiles in the thermosphere
Molecular hydrogen and helium, which are sourced
from the well-mixed atmosphere via diffusive
transport, are the most abundant neutral species
in the upper atmosphere of Saturn. The next most
abundant category of neutrals by mass is organ-
ics, followed by water, mass 28 u inorganics
(CO and N,), and methane (Fig. 6). Methane is
too heavy to diffuse upward from the homosphere,
so the source of methane must be external (see
above). The source of CH,, seems to be Saturn’s
rings. One possibility is that an icy carrier of CH,,
(e.g., clathrate hydrate) may be present inside
the ring particles, which volatilizes when heated
by sunlight or ablation in Saturn’s thermosphere.
Any CH, gas released would diffuse into Saturn’s
atmosphere under gravity.

The volatile composition observed by INMS
appears to be similar to material found in comets
(48). This could be explained if Saturn’s rings
were formed from unprocessed primordial ices,
derived from a thermally primitive precursor
body such as a small icy moon. Alternatively, the
similarity may be coincidental if species such
as CH,, NH3, and CO are major products of the
thermal/ultraviolet degradation of complex or-
ganics in an Hy-rich environment.

The mass of Saturn’s C ring is ~10"® kg (49),
about 0.03 times the mass of Saturn’s moon
Mimas. Therefore, if we use the mass influx in-
ferred from the INMS measurements (4800 to
45,000 kg s™), we calculate a lifetime of 700,000
to 7 million years for the C ring. Yet this only
reflects today’s influx. The current influx is directly
from the D ring rather than the C ring, which
must be the ultimate supplier because the mass
of the D ring [likely no more than 1% of the C
ring mass (50)] can maintain current loss rates
for only 7000 to 66,000 years—a very short
amount of time in terms of solar history. It is
unclear whether the C ring can lose 1% of its
mass into the D ring by viscous spreading over
that time period (51).

Although viscous spreading of the C ring is
likely not the cause of mass transfer to the D
ring (51), occasional transfer of ~1% of the mass
of the C ring into the D ring region via a large
ring-tilting event is feasible. These ring-tilting
events involve a stream of planet-orbiting rubble
crossing the ring plane somewhere in the C or D
rings. The C ring provides the ultimate source,
containing enough mass to last (at current influx
rates) about 5% of the time that the rings them-
selves have existed (~200 million years) (52-54,).
The D ring could be repopulated sporadically by
large impact events such as those that tilted the
D and C ring plane (55). Once enough small par-
ticles are brought into the D ring region, ex-
ospheric drag would quickly drain them into
the planet, as observed by Cassini.

We conjecture that one or more transient
events occurred in the recent past that disturbed
the D ring, or changed its mass and particle size
distributions so that tenuous gas drag can more
quickly cause it to fall into the planet. The latest
such event appears to have been the one that
perturbed the D68 ringlet (17). However, the
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weak correlation shown in Fig. 5 is not compelling.
Evidence of ionospheric depletion observed
well before the formation of bright clumps in the
D68 ringlet suggests that the material inflow
may have been taking place for a longer period
of time (2). Therefore, we examined the evidence
for D ring perturbations over a longer time scale.

The D ring structure of irregularly spaced bands
or belts has changed markedly since the Voyager
flyby (56). A pattern within the ring has been
interpreted as a vertical spiral ripple, possibly
the result of ongoing wrapping by orbital evo-
lution of particles in the initially tilted ring. From
the wavelength of the wrap, which shortens with
time, the event was dated to the early 1980s (56).
The ripple was later found to extend through the
C ring (55), indicating that the tilt was imposed
by an impacting stream of rubble, perhaps from
a disrupted comet 1 to 10 km in size with an ex-
tended node crossing the D and C rings. The
event may have had two parts, separated by
months (57). There is also evidence in Voyager
data for two other disturbances that occurred
in 1979 (58). All this sporadic disruption could
plausibly have altered the properties of the D
ring in such a way that today’s flux (and/or today’s
D ring) are not necessarily typical of the last
100 million years. We expect these events to
have happened at the same average rate going
backward, producing variability in the D ring.

Our results for the delivery of ring materials
have implications for the composition of Saturn’s
deep atmosphere (stratosphere and troposphere).
Previous modeling (7) has suggested that the
delivery of oxygen, in the form of water, can
explain the presence of CO seen in the strato-
sphere. In addition to water, we observe car-
bon monoxide and carbon dioxide influx that
can contribute to the oxygen inventory (Fig. 6).

Because of the influx of CH, and other sources
of carbon, Saturn may have acquired an appar-
ent methane enrichment (i.e., higher C/H ratio)
relative to the protosolar value. Observations
using the CIRS instrument onboard Cassini in-
dicate that Saturn’s methane enrichment over
the protosolar value is 2.25 + 0.55 times the
enrichment seen in Jupiter (59). Our INMS ob-
servations indicate an influx of methane between
3 x 10%® and 2 x 10%° molecules per second en-
tering the equatorial atmosphere, and 2.5 times
as much mass in the form of other organics. If we
assume that inflowing methane spreads over the
globe, this is equivalent to an influx of 7 x 10™ to
4.8 x 10" m™2 57! throughout the atmosphere. By
calculating the column density of methane in the
thermosphere, stratosphere, and troposphere
above an altitude of 50 km, where the contribu-
tion function of CIRS peaked (59), we can esti-
mate how long the observed methane influx
from the rings would need to be sustained to
raise the enrichment to 2.25 times that of Jupiter.
The estimated time is ~7 million to 110 million
years—within approximately an order of magni-
tude of the estimated lifetime of the rings them-
selves (see above). This slow buildup occurs in
the stratosphere and troposphere, because the
predominant methane flux at this altitude is
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from the deep interior produced by recycled
heavier hydrocarbons that photochemically formed
in the stratosphere and later diffused down into
the interior. Thus, the methane flux from above
provides a very slow shift in the steady-state
concentration that builds up over time in the
stratosphere and troposphere. The organic car-
bon nanograin material, with a mass influx 2.5
times that of methane, could be chemically re-
cycled deep in the atmosphere to increase the
methane content in the deeper interior and drive
a larger interior outflux of methane. However,
our derived infalling material composition (Fig. 6)
includes influx of NH3, and it is unclear whether
prolonged, continuous delivery of ring-derived
NH; would be consistent with existing upper
limits on the °N/™N ratio in Saturn (60).

Conclusions

The Cassini INMS measured in situ the atmo-
spheric and ionospheric composition of Saturn’s
equatorial atmosphere during a series of flybys
between the atmosphere and the D ring in the
Grand Finale phase of the mission. Water, meth-
ane, ammonia, carbon monoxide and/or mo-
lecular nitrogen, and carbon dioxide enter
Saturn’s atmosphere from the D ring along the
ring plane. This influx is expected to affect the
equatorial ionospheric chemistry by converting
the H" and H;" ions into heavier molecular ions,
producing a depletion of ionospheric density pre-
viously observed in radio occultation observations
(10). However, this may not explain the full extent
of small-scale electron depletions observed by
other Cassini instruments (33). INMS data in-
clude evidence for an influx of organic-rich
nanoparticles that further modifies the com-
position and structure of the equatorial ionosphere
and may circulate throughout the low- and mid-
latitude thermosphere. Over long time scales,
this infalling material may affect the carbon and
oxygen content of the observed atmosphere.

Methods

The data on the D68 ringlet brightness distri-
bution (Fig. 5) are from a sequence of images
obtained by the Imaging Science Subsystem (ISS)
onboard the Cassini spacecraft on day 229 of
2017, during rev 289. All images were calibrated
using the standard CISSCAL routines, which re-
move dark currents, apply flat-field corrections,
and convert the observed brightness data to I/F,
a standardized measure of reflectance that is
unity for a surface illuminated and viewed at
normal incidence (62, 63). These calibrated images
were geometrically transformed with the appro-
priate SPICE Kkernels (64), and the pointing was
refined on the basis of the observed locations of
stars in the field of view (27). For each image, the
brightness data were then reprojected onto re-
gular grids of radii and inertial longitude (i.e.,
longitude measured relative to the ascending
node of the rings in the J2000 coordinate sys-
tem). Each column of the reprojected maps then
provides a radial profile of D68 at a single inertial
longitude. Radial profiles were co-added to ge-
nerate longitudinal brightness profiles. Because

Waite et al., Science 362, eaat2382 (2018)

the ring material orbits the planet, these profiles
are constructed in a corotating longitude system
with an assumed mean motion of 1751.7° per day
and a reference epoch time of 300000000 TDB
(Barycentric Dynamical Time), which is 2009-
185T17:18:54 UTC (Coordinated Universal Time).

The Cassini images did not have sufficient

spatial resolution to discern D68’s internal struc-
ture, so the ringlet’s brightness is quantified in
terms of its equivalent width (EW), which is the
radially integrated I/F of the ringlet over the
radius range 67,550 to 67,700 km above a back-
ground level given by a linear fit to the signal
levels on either side of the ringlet (67,000 to
67,500 km and 67,750 to 68,250 km, respective-
ly). The estimates of the ringlet’s equivalent
width are converted to normal equivalent width
(NEW) by multiplying the EW values by the co-
sine of the ring’s emission angle. For features
with low optical depth such as D68, NEW is in-
dependent of ring opening angle.
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Cassini's final phase of exploration

The Cassini spacecraft spent 13 years orbiting Saturn; as it ran low on fuel, the trajectory was changed to sample
regions it had not yet visited. A series of orbits close to the rings was followed by a Grand Finale orbit, which took the
spacecraft through the gap between Saturn and its rings before the spacecraft was destroyed when it entered the
planet's upper atmosphere. Six papers in this issue report results from these final phases of the Cassini mission.
Dougherty et al. measured the magnetic field close to Saturn, which implies a complex multilayer dynamo process inside
the planet. Roussos et al. detected an additional radiation belt trapped within the rings, sustained by the radioactive
decay of free neutrons. Lamy et al. present plasma measurements taken as Cassini flew through regions emitting
kilometric radiation, connected to the planet's aurorae. Hsu et al. determined the composition of large, solid dust
particles falling from the rings into the planet, whereas Mitchell et al. investigated the smaller dust nanograins and show
how they interact with the planet's upper atmosphere. Finally, Waite et al. identified molecules in the infalling material
and directly measured the composition of Saturn's atmosphere.
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