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have permitted us to deduce the involvement of
unstable, non-isolable intermediates that have
previously eluded more conventional mechanis-
tic studies. Similarly innovative studies that de-
lineate reactivity patterns of more capricious
but abundant metals (Cu, Fe, Ni) are needed
to further understand and develop new cata-
lytic processes, reducing synthetic reliance on
well-behaved but rare and expensive transition
metals (Pd, Rh, Ru). Moreover, the mechanis-
tic insights presented in this study, specifically
the formation of the active cycloaddition com-
plex with two differentiable copper atoms, im-
ply a unified reactivity of electronically rich
s-acetylides (1-halo- or 1-metallo-) with 1,3-
dipoles (e.g., azides, nitrile oxides, and nitrones).
As such, we propose a common reactivity trend
in which any s-acetylide that can effectively re-
cruit a p-bound copper atom will undergo an-
nulation with a compatible dipolar partner.
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Observations of Ejecta Clouds
Produced by Impacts onto
Saturn's Rings
Matthew S. Tiscareno,1* Colin J. Mitchell,2 Carl D. Murray,3 Daiana Di Nino,2
Matthew M. Hedman,1 Jürgen Schmidt,4,5 Joseph A. Burns,6,7 Jeffrey N. Cuzzi,8
Carolyn C. Porco,2 Kevin Beurle,3 Michael W. Evans1

We report observations of dusty clouds in Saturn’s rings, which we interpret as resulting from
impacts onto the rings that occurred between 1 and 50 hours before the clouds were observed.
The largest of these clouds was observed twice; its brightness and cant angle evolved in a manner
consistent with this hypothesis. Several arguments suggest that these clouds cannot be due to
the primary impact of one solid meteoroid onto the rings, but rather are due to the impact of a
compact stream of Saturn-orbiting material derived from previous breakup of a meteoroid. The
responsible interplanetary meteoroids were initially between 1 centimeter and several meters
in size, and their influx rate is consistent with the sparse prior knowledge of smaller meteoroids
in the outer solar system.

Quantifying the mass flux onto Saturn’s
rings has been a long-desired goal. Mass
infall likely dominates the rings’ colora-
tion and their levels of non-ice pollution,

as well as influencing angular momentum trans-
port and erosion of particles, all of which in turn
have the potential to set limits on the age of the
rings (1–3). Impacts may be a trigger mechanism
for the “spokes” observed in the B ring (4, 5),
and they may be responsible for producing some
dust outbursts observed in the F ring (6, 7). Ad-
ditionally, direct measurement of the mass infall

onto Saturn’s rings would constrain the pop-
ulation of interplanetary meteoroids in the outer
solar system, which is poorly determined for
macroscopic particles (1, 8). However, although
impact flashes have been observed on Earth’s
Moon [e.g., (9)], efforts to detect impact flashes
in the outer solar system have been unsuccessful
(10, 11).

Here, we report images of ejecta clouds above
Saturn’s rings (Fig. 1), obtained by Cassini’s Im-
aging Science Subsystem (12, 13). These features
are normally not visible owing to low contrast

with the background ring, but there are two
particular viewing geometries in which they
become visible: (i) during saturnian equinox,
at which time the background ring becomes
very dark, and (ii) when Cassini views the rings
at high resolution and very high phase angle, at
which time the dusty features appear very bright
(Fig. 2).

The saturnian equinox, which occurs every
~14.5 years and is closely accompanied by edge-
on viewing of Saturn’s rings from Earth, has led
to many scientific discoveries over the centuries
since 1612, when the ring system’s disappear-
ance from Galileo’s view gave the first hint of its
disk geometry (14). The 2009 equinox was the
first for which an observer (namely, the Cassini
spacecraft) was in place at close range and high
saturnian latitudes. During a few days surround-
ing the precise moment of the Sun’s passage
through the ring plane, the main rings provided
an unusually dark background, due to the edge-
on illumination, while anything (e.g., an ejecta
cloud) extending vertically out of the ring plane
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Fig. 1. Ejecta clouds. (A and B) Two views of one cloud in the A ring,
taken 24.5 hours apart [code-named Ax(1) and Ax(2)]; (C) a cloud in the C
ring (code-named Cx); (D) another cloud in the C ring (code-named C6);
and (E) a cloud in the B ring (code named Bx). Arrows point to the cloud
structures, which are visibly canted from the surrounding azimuthally aligned
features. The images shown here were all taken during the 2009 saturnian

equinox event except (D) (containing C6), which was taken at high resolution
and very high phase angle in 2012. The clouds are reprojected onto a radius-
longitude grid in Fig. 3A and fig. S2. The features C1 through C5, which were
seen in the C ring in 2005 at geometries similar to that for C6 and which are
smeared owing to orbital motion of the features during the image exposure,
are shown in figs. S1 and S3.

Fig. 2. Viewing geometry makes the clouds visible. (A)
In this cartoon, sunlight (yellow) approaches the rings (black)
nearly edge-on during the equinox event, causing them to
appear very dark. However, a cloud of ejecta above the rings
(blue) can scatter light toward the camera. (B) In this cartoon,
sunlight is scattered forward (i.e., at high phase angles) much
more efficiently by the dusty ejecta cloud than by the largely
dust-free main ring.
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was fully illuminated (Fig. 2A). The observed
bright streaks (code-named “Ax,” “Bx,” and
“Cx,” after the ring region in which each fea-
ture was seen, with “x” indicating that it was seen
during the equinox event) are measured to be
canted (Fig. 3, A andB) by a few degrees from the
azimuthal direction. The feature Ax, observed on
two occasions, showed a cant angle q decreasing
with time. The most likely reason for an ejecta
cloud to evolve in this way is if it was produced
quickly (for example, within a fraction of an
hour, much less than the orbital periods of be-
tween 6 and 14 hours in the rings), with subse-
quent evolution of each constituent particle on an
independent Keplerian orbit. An impact is themost
likely way to produce an ejecta cloud so quickly.

We also report here observations of smaller
ejecta clouds at nonequinox times in highly
forward-scattering geometries (i.e., at phase
angle a > 172°), in which dust (i.e., micrometer-
size) particles brighten considerably as a result of
diffraction. Free-floating dust is not abundant in
the background ring, as it gets swept into the
regoliths of larger particles (15), so the dusty
ejecta clouds appeared with greatly enhanced
contrast in this geometry (Fig. 2B). Cassini im-
ages at such high phase angles are only possi-
ble when the spacecraft is passing through the
planet’s shadow, as the safety of its optical in-
struments would be jeopardized by pointing them
so close to the Sun’s direction at any other time;
furthermore, the small features we report here
can only be seen when Cassini is at close range
to the rings. These conditions were met for four
images in 2005, in which we report five ob-
served ejecta clouds (code-named “C1” through
“C5”; fig. S1) that are smeared owing to orbital
motion of the features during the image expo-
sure. Furthermore, a sixth ejecta cloud (“C6”;
Fig. 1E) was seen in follow-up images in 2012.

The most interesting feature in our data set is
Ax, of which two independent observations
allow us to investigate the evolution of both
its cant angle and its brightness.

Particles with initially identical longitudes on
circular orbits with different radial distances will
drift apart in longitude because of Keplerian shear,
a straightforward consequence of Kepler’s third
law. Thus, the shape of an initially compact cloud
will quickly become dominated by a cant angle q
(Fig. 3B and fig. S5), which is given by (supple-
mentary text 3)

tan q ¼ P

3pt
ð1Þ

where t is the time elapsed and P is the orbital
period. This curve is plotted as the solid line
in Fig. 3C, where it is seen that the measured
cant angles for apparitions Ax(1) and Ax(2)
make an excellent fit to the model, implying that
Ax was 1.8 orbital periods old (i.e., 23.5 hours)
when it was first observed.

We considered the possibility that the ob-
served ejecta clouds were created by the impact
of a single solid object with the rings. Because

such an impact would throw ejecta in every di-
rection from a single impact point, the cant an-
gle q(t) would evolve in a more complex manner
due to the noncircularity of ejecta orbits, and
we found that this model makes a much poorer
fit to the observations (supplementary text 3).
The solid impactor model also cannot readily ac-
count for the horizontally aligned initial structure
of Ax (supplementary text 5) and the volume of
observed ejecta (supplementary text 9), so we
will assume henceforth that the impacting mass
was a broader (but still well-confined) stream of
impacting material.

The measured brightness evolution of Ax
also supports its identification as an ejecta cloud.
Ejecta raised above an orbiting planetary ring
does not “land” in the same way as in the more
familiar scenario of ejecta raised above a solid
surface. Rather, because of Kepler’s laws of or-
bital motion, the ejecta simply pass through the
ring once every half-orbit at low relative speeds,
and only a fraction equal to e− t (where τ is the
ring’s optical depth) will encounter ring ma-
terial and be removed from the cloud. The time

elapsed between the two observations of Ax
corresponds to four half-orbits, regardless of
the impactor model discussed above. Thus, we
can use the ratio of the two observations of the
cloud’s total integrated brightness to indepen-
dently calculate the optical depth of Saturn’s
A ring (supplementary text 4). Accounting for
the different geometries of the two observations,
we obtain t ~0.65 for theA ring, in good agreement
with other independent measurements of this
quantity (16) and confirming our interpretation of
the observed structures as evolving ejecta clouds.

Several of the observed ejecta clouds, in-
cluding Ax(1), Bx, and C6, are asymmetric,
such that the brightest point is noticeably offset
from the apparent center of the cloud (Fig. 1).
When the effects of the cant angle are removed,
the core structure of Ax(1) is revealed to be az-
imuthally elongated by a factor of ~7 (fig. S8).
We interpret this to constrain the length and width
of the impactor stream (supplementary text 5),
which we suggest was formed from an inter-
planetary meteoroid that broke apart as a result of
an impact and entered saturnian orbit upon its
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Fig. 3. Cantanglemod-
el fit. (A) Feature Ax(1)
reprojected onto a radius-
longitude grid. (B) The
cant angle q is measured
between the orientation
of a sheared ejecta cloud
and the azimuthal direc-
tion (see also fig. S5). (C)
The cant angle is plotted
for cloud Ax as a function
of time elapsed since the
initial cloud-creating event
(impact), as expected from
simple Keplerian shear
resulting from an initial-
ly distributed ejecta cloud.
The two horizontal gray
bars indicate the two mea-
sured values of the cant
angle (3.396° T 0.005°
and 1.68° T 0.01°); ad-
ditionally, the horizontal
distance between each pair of red circles is fixed by the time elapsed between the two measurements
(24.5 hours, or 1.86 orbital periods), so the line connecting each pair has a fixed length and orientation.
However, the assemblage can slide horizontally because the time of the initial impact is not directly
known (the directions in which the solution can vary are indicated by the red arrows, open circles, and
dotted lines). The solid red circles connected by the solid red line indicate where the solid curve passes
through the first cant angle measurement, resulting in a residual at the second cant angle measurement
of only 0.02°, which is 0.9s given our estimated measurement error (supplementary text 3).
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first encounter with the rings [compare to (17)],
then produced the observed ejecta cloud upon its
second encounter. Keplerian shear would cause
the stream to spread along-track to the inferred
length in ~8 hours, implying that the impacting
material reached an apoapse of ~160,000 km be-
fore returning to the ring (supplementary text 5).

The peripheral regions of feature Cx (Fig.
1 and fig. S9) have a steeper cant angle than
the bright central region, possibly because the
different parts of the cloud have different ages,
though it may be that the central region is some-
how distended and that the cant angles in the
peripheral regions give the feature’s true age
(supplementary text 6).

Feature C6 was imaged at multiple wave-
lengths. Its reddish slope (18) could be explained
by a deficit of particles in the ejecta cloudwith radii
smaller than smin ≈ 3 mm (supplementary text 7).

From our measurements of the total integrated
brightness of each observed feature (supplemen-
tary text 2), the ejecta mass can be estimated
(supplementary text 8) if we make an assump-

tion about the particle-size distribution n(s) of the
ejecta. For simplicity, we use a power-law model
n(s) = n0s

−q, where n(s)ds is the number of par-
ticles with radius between s and s + ds, though the
real particle-size distribution may be more com-
plex. Under this model, we find that the cloud
mass is a strong function of q. In particular, when
we assume minimum and maximum particle sizes
smin = 3 μm and smax = 3 cm (supplementary text
8), the cloud mass is four orders of magnitude
larger for q < 3 than it is for q > 4 and transitions
quickly between the two values for 3 < q < 4
(fig. S10).

As discussed above, we can estimate the ini-
tial ejecta mass by multiplying the mass inferred
for the observed cloud by a factor eNt (supple-
mentary text 8), where N is the number of half-
orbits completed since the cloud formed as in-
ferred from its cant angle, and t is the optical
depth of the ring at the relevant location (19). In
the absence of detailed calculations of impacts
into rings, we then estimate the mass of the im-
pactor by assuming that the ejecta mass is greater

than the impacting mass by a yield factor Y ≈ 104

(supplementary text 9). Using the dimensions
of each observed feature to estimate the area of
the ring affected by impacting material, we find
that the available target ring mass is sufficient to
account for the observed cloud only if q is not
too small and/or smax is not too large (or, equiv-
alently and more generally for the case of non–
power-law particle-size distributions, if large
ejecta particles are not too abundant). We esti-
mate the Ax impactor to have been between 1 and
10 m in radius before breakup, with the uncer-
tainty mostly due to the particle-size distribu-
tion, the assumed yield, and other systematic
effects (fig. S11). For the same reason, we esti-
mate the other ejecta clouds reported here to
have been due to impactors with radii between
1 cm and 1 m before breakup.

Using the fractional area coverage of the
respective ring for each sequence of images that
detected a feature described in this work, and
taking each observed ejecta cloud’s apparent
age (table S2) as an estimate of the time for which
it remained visible, we estimate the influx of
meteoroids to the Saturn system (Fig. 4 and sup-
plementary text 10). This empirical estimate of
centimeter-to-meter-size meteoroids in the outer
solar system fills a gap between measurements of
micrometer-size dust by Pioneer, Ulysses, and
New Horizons (1, 8, 20) and ~10-km objects that
are seen directly. To date, little is known about
small macroscopic particles in the outer solar
system, with most investigators assuming that
the Pioneer and Ulysses data justify the extra-
polation of measurements in Earth’s vicinity.

Our results are higher than the extrapolation
by one or two orders of magnitude (Fig. 4); at
face value, especially if this increase is also re-
flected in submillimeter-to-millimeter-size par-
ticles, then pollution and erosion rates due to
interplanetary meteoroids might be higher than
have been thought. However, gravitational fo-
cusing enhances the flux at Saturn’s rings by a
factor of 4 to 40 (20, 21), and the sensitivity of
rings to a two-directional flux yields another fac-
tor of 2, so our results may corroborate the pre-
vious extrapolation after all.

No ejecta clouds were observed in the region
dominated by spokes, though we cannot rule out
the possibility that spoke-forming impacts may
also form ejecta clouds. The intersection be-
tween our size distribution and the observed
spoke-forming rate (21, 22) indicates that spokes
are due to meteoroids of radius ~10 to 50 cm
(supplementary text 11).
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Melting of Iron at Earth’s
Inner Core Boundary Based on
Fast X-ray Diffraction
S. Anzellini,1* A. Dewaele,1 M. Mezouar,2 P. Loubeyre,1 G. Morard3

Earth’s core is structured in a solid inner core, mainly composed of iron, and a liquid outer core.
The temperature at the inner core boundary is expected to be close to the melting point of iron
at 330 gigapascal (GPa). Despite intensive experimental and theoretical efforts, there is little
consensus on the melting behavior of iron at these extreme pressures and temperatures. We
present static laser-heated diamond anvil cell experiments up to 200 GPa using synchrotron-based
fast x-ray diffraction as a primary melting diagnostic. When extrapolating to higher pressures,
we conclude that the melting temperature of iron at the inner core boundary is 6230 T 500 kelvin.
This estimation favors a high heat flux at the core-mantle boundary with a possible partial
melting of the mantle.

Earth’s inner core grows by solidification
from the surrounding outer core, which
is composed of molten iron (Fe) alloyed

with ~10 weight percent light elements (1). Seis-
mological data reveal important physical prop-
erties of the core, such as density (and, hence,

pressure) and elasticity; however, they cannot
directly reveal the corresponding temperature.
Temperature in the core places important con-
straints on parameters like heat flux to themantle,
power for the geodynamo, and cooling rate, all
of which are fundamental to Earth’s heat bud-
get and dynamics (2).

The temperature at the inner core boundary
(ICB) is bracketed between the melting tem-
perature of pure Fe at 330 GPa and the liquidus
temperature of the outer core iron-rich alloy (3)
[expected to be depressed by ~700 K (4)]. Nei-
ther dynamic (5–7) and static (8–11) compression
measurements nor thermodynamic modeling
(12–15) have resulted in a consensus on ICBmelt-
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Militaires Île de France 91297 Arpajon Cedex, France. 2European
Synchrotron Radiation Facility, BP 220, F-38043 Grenoble
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Milieux Condensés UMR CNRS 7590, Université Pierre et Marie
Curie, 75005 Paris, France.

*Corresponding author. E-mail: simone.anzellini@cea.fr

Fig. 1. XRD patterns as a function of temper-
ature, pressure, and time. (A andB) XRD patterns
of a ≈3-mm-thick (≈7-mm-thick) sample during a
heating series at P ≈ 133 GPa and 53 GPa, respec-
tively, recorded at different temperatures. g-Fe, e-Fe,
and KCl pressure medium diffraction peaks are la-
beled. Liquid Fe is evidenced by a diffuse ring at
2q = 10° to 13.5°. (C and D) Pyrometry tempera-
ture, measured and predicted (25, 26). Fe volume
as a function of time for the thin (C) and thick (D)
samples. The laser’s power is linear with time. Data
are in table S1.
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