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Micrometeoroid infall onto Saturn’s rings constrains
their age to no more than a few hundred million years
Sascha Kempf1,2*, Nicolas Altobelli3, Jürgen Schmidt4,5, Jeffrey N. Cuzzi6, Paul R. Estrada6,
Ralf Srama7

There is ongoing debate as towhether Saturn’smain rings are relatively young or ancient— having been formed
shortly after Saturn or during the Late Heavy Bombardment. The rings are mostly water-ice but are polluted by
non-icy material with a volume fraction ranging from ∼0.1 to 2%. Continuous bombardment by micrometeor-
oids exogenic to the Saturnian system is a source of this non-icy material. Knowledge of the incoming mass flux
of these pollutants allows estimation of the rings’ exposure time, providing a limit on their age. Here we report
the final measurements by Cassini’s Cosmic Dust Analyzer of themicrometeoroid flux into the Saturnian system.
Several populations are present, but the flux is dominated by low-relative velocity objects such as from the
Kuiper belt. We find a mass flux between 6.9 · 10−17 and 2.7 · 10−16 kg m−2s−1 from which we infer a ring ex-
posure time ≲100 to 400 million years in support of recent ring formation scenarios.
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INTRODUCTION
The Saturnian rings are the brightest of the four ring systems of the
solar system owing to their nearly pristine water-ice composition
(>95% by mass) and are easily the heaviest having a total mass a
little less than half the mass of the moon Mimas (1, 2). Because
the ring mass covers a surface area 104 to 105 times greater than a
moon of equal mass, the rings are extremely susceptible to bom-
bardment by micrometeoroids exogenic to the Saturnian system,
which deliver impurities and gradually darken initially bright icy
rings over time. The resulting ring color and albedo variations
with radial distance from Saturn provide a key for constraining
the ring age (3, 4).

The rate at which exogenic micrometeoroids affect the rings at
some location can be expressed in terms of a direct deposition time
tdd here normalized to a ring radius r0 = 1.8 RS (Saturn’s radius, RS =
60,268 km). If no exogenic material is lost during an impact, tdd can
be written in terms of the impact flux _σim as (3)

tdd ¼ σ0= _σim ≃ σ0=2 f gF1 ð1Þ

where σ0 is the ring’s surface mass density at r0, F∞ is the one-sided,
interplanetary mass flux (kg m−2s−1) into the Saturnian system, un-
affected by Saturn’s gravity, and fg is the enhancement of F∞ due to
gravitational focusing by Saturn at the ring location (3, 4). Equation
1 is essentially the time it takes a ring annulus to be impacted by its
own mass. Knowledge of F∞ and of fg allows us to obtain an upper
bound on the pollution time scale for the rings, assuming they start
as pure ice and darken to their current state.

RESULTS
Here, we report the mass flux F∞ derived from measurements by the
charge-sensitive entrance grid system (5) (QP) of the Cosmic Dust
Analyzer (6) (CDA) on the Cassini spacecraft, which began orbiting
Saturn in July 2004 until end of mission in September 2017. The QP
sensor measures the charge signature induced onto an entrance grid
system when a grain enters CDA from which information on the
particle’s velocity and size are derived, within an accuracy of a few
percent (see Fig. 1 and text S1) (5). Each QP signature yields up to
four solutions for the velocity vector, from which we backtrack the
corresponding trajectory in time. Velocity vector solutions that
result in trajectories crossing Saturn’s Hill sphere (characterized
by Saturn’s Hill radius, RH = 1100 RS) imply an exogenic origin
(see text S2).

We derive the grain radius ad from the dust charge Qd = 4πϵ0 ad
ϕd measured by QP (7), where the electrostatic equilibrium poten-
tial ϕd is approximately +5 V for particles exposed to the solar wind
and solar ultraviolet (UV) (8). Because of the rather small sensitive
area of in situ dust sensors, detections of interplanetary or interstel-
lar dust (ISD) particles are rare events. When Cassini is within
Saturn’s diffuse E ring, where the dust flux is dominated by submi-
crometer water ice grains (9), it is hard to identify exogenic dust un-
ambiguously. To exclude observational biases, we restricted our
analysis to 163 QP events recorded after Cassini’s arrival at Saturn
outside of the dust-rich E ring region extending radially to Titan’s
orbit (⁓20 RS) and vertically about ±1 RS around Saturn’s equatorial
plane (fig. S5). Charged dust grains can only be detected by the QP
sensor during periods when the grid system is not exposed to solar
UV. We identified 73 particles being certainly exogenic because all
possible velocity vectors support trajectories unbound to Saturn. An
additional 90 particles, with at least one Saturn-unbound trajectory
solution with low injection speed at RH and highly eccentric Saturn-
bound trajectory solutions, are considered as possibly exogenic. For
all exogenic trajectory solutions of each particle, we derive the injec-
tion speed relative to Saturn at RH (Fig. 2) and the heliocentric
orbital elements (figs. S2 and S3). The heliocentric orbital elements
provide a constraint on the particles’ origin, while the injection
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velocity at the Hill sphere is used to derive the gravitational focusing
factor fg. Further details are provided in texts S2 and S3.

The certainly exogenic particle set contains both sun-bound and
sun-unbound orbits, suggesting a combination of various dynami-
cal dust populations. We call the sun-bound exogenic material sun-
bound interplanetary dust particles (IDPs). We argue that the pos-
sibly exogenic particles are indeed also probably exogenic and actu-
ally sun-bound IDPs because their nominally Saturn-bound orbits
are highly eccentric, which otherwise could imply a flux from
ongoing collisional grinding of Saturn’s irregular satellite popula-
tion (10). Their flux is comparable to the certainly exogenic IDP
flux itself, which is unlikely for inward-evolving particles from
the irregulars because Iapetus and Titan are expected to sweep up
most of those grains (see Materials and Methods) (11). Moreover,
small errors in the trajectories of these low relative velocity objects
can nudge the trajectory solutions from bound to unbound.
Whether this group is interplanetary or sourced from the irregular
satellites, the orbital characteristics of these particles imply that they
will eventually hit the rings at high speeds, contributing to the

impact flux and playing a role in the rings’ compositional evolution
and exposure age.

The sun-bound IDPs have low to moderate heliocentric inclina-
tions, as expected for grains generated by Edgeworth-Kuiper belt
(EKB) object or Jupiter Family comet (JFC) sources (12–14) and
have a pronounced modal injection speed at RH of 4.3 km s−1 (ob-
tained from a fit to the histogram shown in Fig. 2). Their radii have
an upper limit of about 60 μm, if one excludes a single huge outlier
(250-μm radius; see texts S2, S5, and S6). This upper size limit is
statistically significant and appears to be in agreement with the
maximum grain size expected from the ISD-EKBs collision
process, dominating dust production in the contemporary EKB
(15). Evidence for EKB dust even reaching the Earth distance was
recently inferred from exposure ages of IDPs collected in Earth’s
atmosphere (16).

Certainly exogenic particles with sun-unbound trajectory solu-
tions appear to contain a small contribution with the typical ISD
signature (17), but most of them have a signature distinct from
the ISD. A detailed understanding of the origin of those particles
being beyond the scope of this paper, we simply refer to this popu-
lation hereafter as sun-unbound IDPs, because it is not uncommon
for dust grains originating from solar system objects to end up on
sun-unbound trajectories (18).

The typical injection speeds of the sun-bound IDPs, either sep-
arating or combining the certainly exogenic and the probably exo-
genic populations (Fig. 2), are considerably lower than the
previously used 14.4 km s−1, which was based on the assumption
that dust populating the outer solar system was dominantly on
highly eccentric and inclined Oort cloud–like orbits, which had
implied a gravitational focusing flux enhancement factor of fg ∼ 3
at the location of the main rings (1.8 RS)(3, 19). Our lower injection
speed results in a more pronounced effect of gravitational focusing
at the ring location, (text S3), with a flux enhancement by at least a
factor of fg ∼ 30. In calculating F∞ from measured particle counts
and radii, the particle masses used assume a mixture of silicates, or-
ganics, and ices having a mean density of ρd = 2,800 kg m−3 (text
S6) (20).

Fig. 2. Speed distribution of the dust particles. Left: Distribution of injection speeds computed at Saturn’s Hill radius for all particles with at least one exogenic
solution. The fraction of detections for which all solutions are exogenic is shown in green. Right: Size distribution of grains with at least one exogenic solution (see
also text S5).

Fig. 1. QP detection of an IDP on 2008-260/13:21:22 UTC at a distance of 13.0
RS to Saturn. (A) Its charge of Qd = 2.7 fC (relative to the negative baseline around
−20 μs) corresponds to a grain radius of 4.8 μm. The inset shows the particle’s tra-
jectory in the CDA reference frame reconstructed from its QP signature. (B) The
trapezoidal feature in (A) with a central dip corresponds to two possible particle
orbits, both are trajectories of interplanetary grains in prograde orbits (blue, a = 9.5
atronomical units (AU), e = 0.26, i = 13.1°; green, a = 13.6 AU, e = 0.39, i = 17.9°).
Circles denote the orbital distances of Saturnian satellites as well as the ring system
and the planet.
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DISCUSSION
The uncertainty in the origin of the grains dominates all other un-
certainties. If we consider only the grains classified as certainly exo-
genic, then we find a lower bound to the mass flux of F∞ ≃ 6.9 ·
10−17 kg m−2s−1 (see text S4). Including both the certainly and
probably exogenic grains (but still excluding the 250-μm grain)
then provides the most likely estimate for the mass flux of F∞ ≃
2.7 · 10−16 kg m−2s−1 (text S4).

Using the total value for F∞, we estimate the time, tpol, it would
take for a pure ice ring at 1.8 RS to be polluted to its current state,
adopting a midrange value for the observed non-icy volume fraction
of υ ∼ 0.3% (21), and a surface mass density of σ0 ∼ 520 kg m−2 in
the B ring, consistent with recent Cassini measurements for the ring
mass (2). For a time-independent flux, the mass flux per unit area at
which material hits the ring is _σim (Eq. 1), so the exposure time to
accumulate the observed pollutant volume fraction υ is (see Mate-
rials and Methods)

tpol ≏ 100 Ma
σ0

520 kg m� 2

� �
2:7 � 10� 16 kg m� 2 s� 1

F1

� �

2800 kg m� 3

ρd

� �
30
fg

� �
0:1
η

� � ð2Þ

If the probably exogenic detections are not included in the com-
putation of F∞, then the exposure age would increase by a factor of 4
or⁓400 million years (Ma). In Eq. 2, although the entire mass of the
affecting flux is deposited in the rings, we have assumed that only a
fraction η = 10% of a micrometeoroid retains its absorbing proper-
ties after impact and contributes as pollutant. Such low values have
been adopted in previous models that assumed that the micromete-
oroids are considerably icy (3), so the estimate may be quite conser-
vative. Increasing η would lower these exposure ages.

We find that the ring exposure age for the current mass influx
into the Saturnian system does not allow the rings to be formed to-
gether with Saturn and its satellites (22, 23) nor slightly later during
the Late Heavy Bombardment (24). Saturn’s current rings cannot be
primordial. An initially massive primordial ring has been posited to
better resist the effects of pollution as it viscously evolves to its
current state over billions of years (25). However, viscous evolution
of such a massive ring occurs quickly, so that the ring spends the
vast majority of its lifetime near its current mass (25) and would
absorb a much higher-than-observed volume fraction of pollutants
during that time. Moreover, the IDP flux at Saturn F∞ might well
not have been constant throughout the solar system’s history: It was
probably larger in the early days (26, 27), further complicating such
an old-ring scenario.

MATERIALS AND METHODS
Magnitude of the micrometeoroid flux
CDA’s grain detections that correspond to probably exogenic have
both interplanetary (unbound with respect to Saturn) and bound
orbital solutions, which arise because of the ambiguity in determin-
ing the x component of the grain’s velocity (see text S1). For this
subset, the unbound solutions for the grains correspond to injection
velocities into the Hill sphere that are mainly concentrated at lower
speeds than our modal value (see fig. S4), whereas their bound

solutions have average e > 0.5. If the circumplanetary solution is
the correct one, then some discussion as to the origin of these
grains is in order with Saturn’s irregular moons such as Phoebe
seeming the most likely source. Micrometer- to tens-of-microme-
ter–sized grains ejected from the irregular satellites would evolve
inward due to Poynting-Robertson drag. However, the largest
grains have a probability near unity of impacting Iapetus, while
grains ≲5 μm are not likely to get past Titan; on the other hand,
grains <5 μm develop progressively higher e and can be lost to
Saturn and its rings relatively quickly (11).

Of the grains that also have bound solutions, most were detected
inside Titan’s orbit, and of these, slightly less than half are >5 μm.
This represents a sizable fraction of the total flux. It has been esti-
mated that a few Mimas masses of collisionally produced material
from Saturn’s irregular satellites was generated over the age of the
Solar System but that most of this material would have been pro-
duced in the first few 100 Ma after Saturn’s formation (10).
However, the frequency of detections as captured by CDA would
argue against this, if they are indeed products of the irregulars,
and suggest that collisional grinding is an ongoing process (11),
as perhaps evidenced by Phoebe’s dust ring (28). A relatively cons-
tant rate of production would produce a flux comparable to what is
observed. Moreover, such a process might lead to a “jump” in the
flux as may be measured from outside the Hill sphere to within.
Measurements and models of the micrometeoroid flux between
the planets include multiple populations (14), including JFCs (of
which the 250-μm grain may be one), but collisionally ground irreg-
ular satellite material could then be another source within the cir-
cumplanetary environment. For the purposes of ring pollution and
evolution, however, it actually does not matter which is the case.
The orbital characteristics of these grains imply that they will even-
tually hit the rings at hypervelocities and contribute to the impact
flux _σim, and thus, it is most appropriate to include them in the es-
timate of ring age. Given these uncertainties, we favor an exogenic
origin so that our nominal value for F∞ should include all particle
detections flagged as either certainly exogenic or probably exogenic.
While we have excluded the single detection of a very large IDP
grain (size >250 μm) for statistical robustness in the mass flux com-
putation, the extremely low densities of such particles (see text S6)
make their mass comparable to those of 10 times smaller grains. We
are therefore confident that the bulk of the mass flux is deposited by
the particle populations sampled by CDA with sufficient statistics
over the mission duration (see text S5).

Estimates for the ring age and sources of
uncertainty therein
The rate per unit area at which micrometeoroids hit the rings is
given by the impact flux _σim (Eq. 1). This impact flux depends
also on a probability of impact as the micrometeoroid crosses the
ring plane, which is a function of the rings’ local optical depth (3,
4). For the B ring where optical depths >1, this probability is effec-
tively unity, so that _σim ≃ 2F1 f g is a reasonable estimate there. The
accumulated mass density of pollutant in time tpol is
σpol ≃ η _σim tpol, where the factor η ≤ 1 allows for the possibility
that a fraction of the impactor ’s optically absorbing material is
transformed by evaporation and recondensation into nonabsorbing
material and thus does not contribute to darkening the rings (3).
The mass fraction of pollutant after this time is then σpol/(σpol +

Kempf et al., Sci. Adv. 9, eadf8537 (2023) 12 May 2023 3 of 6

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at FU

 B
erlin/C

B
F on A

ugust 10, 2023



σ0) ≃ σpol/σ0, for σpol ≪ σ0. Converting from mass fraction to
volume fraction for a ring particle is done by multiplying by the
ratio of mean ring particle density to the density of the pollutant
material ρpol = 2.8 · 103 kg/m3 within the ring particle, υ ≃ (ρ/ρpol-
)(σpol/σ0), where ρ = ρpolυ + ρice(1 − υ), ρice = 0.9 · 103 kg/m3 is the
density of ice and υ ≪ 1. Noting the accumulated mass fraction is
just the ratio of the exposure time to the direct deposition time, the
time to accumulate the observed volume fraction υ assuming none
of the impacting material is lost is

tpol ≃
ρpol

ρ
υ
tdd

η
¼

ρpol

ρ
υ

σ0

2F1f gη
ð3Þ

which is used to give the estimate of ⁓100 Ma in Eq. 2, where the
value of fg = 30 is derived from the modal value of the injection ve-
locity distribution at Saturn Hill’s sphere of 4.3 km s−1 (see Fig. 2).

All of the mass of an impactor is deposited in the rings, but the
fraction of a micrometeoroid’s pollutant that survives a hyper-ve-
locity impact with a ring particle as absorbing material most
likely depends on the compositional make-up of the incoming pro-
jectile. Unfortunately, impacting carbonaceous material into porous
ice targets at impact speeds expected at the rings remains unad-
dressed experimentally. Several past papers modeling ring pollution
have discussed this parameter (3, 29) and do provide certain con-
straints on the value of η. Doyle et al. (29) assume a value of η ∼ 0.1
relative to the total impactor mass, citing the persistence of a certain
number of carbon-carbon bonds from particles observed by the
Vega spacecraft with impact speeds of 70 km s−1(30). Moreover,
previous models of micrometeoroid bombardment and ballistic
transport of impact ejecta have assumed that the exogenic projec-
tiles were Oort cloud material that had a substantial volatile fraction
that would vaporize on impact, so that only a fraction η ∼ 0.05 of the
material, non-icy and presumably carbonaceous, would survive in
its absorbing form (3, 31). Cuzzi and Estrada (3) showed with their
compositional evolution models (discussed in detail in their section
4.3) that the shape of the radial profile of ring color about the B
ring–C ring boundary is directly tied to the local abundance of pol-
lutant, which placed further constraints on η. Smaller values of η
were not considered reasonable since it would not be possible to si-
multaneously explain the contrast in darkening between low and
high optical depth regions and the gradual color transition that
arises as a result of ballistic transport of both intrinsic and exogenic
material across the C ring and inner B ring (3). This is because bal-
listic transport homogenizes composition when allowed to act over
very long time scales (31), so the fact that a contrast still exists
implies that ballistic transport has not acted for that long. Here,
we adopt a nominal η ∼ 0.1 for grains with no substantial volatile
fraction, remaining consistent with the modeling constraints of
(3, 29).

It should be pointed out that the value of the volume fraction υ
depends on the model used for the ring particles. Like (3), we
assume an intramixing model in which the non-icy constituents
are small inclusions volumetrically mixed within an ice matrix.
This gives the minimum υ. Probably the most complete analyses
of visual wavelength data in terms of actual composition have
been conducted by (32, 33). Cuzzi et al. (32) use intramixing
models that uniquely account for rough particles with on-surface
shadowing that, if not allowed, can reduce particle albedo and
bias the fractional pollutant toward unrealistically high values.

They derive values for υ of a fraction of a percent in the A and B
rings and up to several percent in the C ring. On the other hand,
(33) obtained much larger υ because, in addition to not allowing
for the complications of on-particle shadowing, they assume an in-
timate “salt and pepper” regolith mixing model with larger “pollut-
ant” grains relative to the tiny inclusions assumed in (32). However,
there are several arguments as to why the intramix model is the
more likely one. First, it was found that it is not possible to suffi-
ciently color the rings to their observed redness unless the absorbing
material was “intramixed” into the ring particles volumetrically (3).
Second, the derived values for υ in (32) are in agreement with those
derived from centimeter-wavelength radiometry by the Cassini
RADAR (21) where, at these long wavelengths, any plausible gran-
ular intimate mixture behaves like an intramixture, so the good
agreement between Cassini radiometry and (32) supports the as-
sumptions of the latter. Last, micrometeoroid impacts would
likely shatter the material into smaller inclusions, and the measure-
ments of the flux of material falling into Saturn from the rings
during the Cassini Grand Finale were characterized by a distribu-
tion of nanograins (34–36).

Using the values for ρd and η as discussed above, we calculate the
upper bound on the exposure time for the B ring where a majority of
the ring mass resides using an average value for the volume fraction
there of υ = 0.003 as determined in (21). Our adopted average
surface density σ0 = 520 kg m−2 is obtained from the mass estimate
of the B ring of ∼0.23 Mimas masses (2) spread over the radial
extent of the B ring from 92,000 to 117,580 km. We consider this
a reasonably solid upper bound because we have made the
extreme assumption that the rings began as pure water ice, which
is almost certainly not true. Other factors that would lower the ex-
posure age would be a higher flux in the past and a larger η. Factors
that would increase the exposure age would be if impactors have
considerable porosity or if the flux has been intermittent over the
rings’ lifetime. The former would likely only add at most a factor
of 2, whereas for the latter, observed structures in the rings attrib-
uted to micrometeoroid bombardment and ballistic transport like
the inner B ring edge require a persistent flux to sculpt and maintain
(31).

Supplementary Materials
This PDF file includes:
Supplementary Texts S1 to S6
Figs. S1 to S13
Tables S1 and S2
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