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On 13 December 2012, Chang’e-2 conducted a successful flyby of the near-Earth asteroid 4179 Toutatis at a
closest distance of 770 6 120 meters from the asteroid’s surface. The highest-resolution image, with a
resolution of better than 3 meters, reveals new discoveries on the asteroid, e.g., a giant basin at the big end, a
sharply perpendicular silhouette near the neck region, and direct evidence of boulders and regolith, which
suggests that Toutatis may bear a rubble-pile structure. Toutatis’ maximum physical length and width are
(4.75 3 1.95 km) 610%, respectively, and the direction of the 1z axis is estimated to be (250 6 56, 63 6 56)
with respect to the J2000 ecliptic coordinate system. The bifurcated configuration is indicative of a contact
binary origin for Toutatis, which is composed of two lobes (head and body). Chang’e-2 observations have
significantly improved our understanding of the characteristics, formation, and evolution of asteroids in
general.

C
hang’e-2, the second Chinese probe dedicated to the exploration of the Moon, was launched on 1 October
2010 at 10:59:57 UTC. After it accomplished its primary objective, an extended mission was designed for
Chang’e-2 to travel to the Sun-Earth Lagrangian point (L2) and then to an asteroid. On 9 June 2011,

Chang’e-2 departed its lunar orbit and headed directly to L2, where it arrived on 25 August 2011 and began to
perform space-environment exploration. The asteroid’s subsequent flyby mission remained under consideration,
and eventually, asteroid 4179 Toutatis was selected as the primary target for the flyby after considering the leftover
fuel of the spacecraft, the capability of the tracking and control network, and the fact that the asteroid’s closest
approach to Earth would occur on 12 December 2012. An undisclosed story is that Chang’e-2 was intentionally
controlled to move near L2 for more than 230 days to favor the Toutatis-flyby injection maneuvers. On 15 April
2012, Chang’e-2 left L2. On 1 June 2012, the spacecraft began its mission to Toutatis. Chang’e-2 implemented the
flyby on 13 December 2012 at 8:29:58.7 UTC at a closest distance of 770 6 120 (3s) meters from Toutatis’ surface
at a high relative velocity of 10.73 km s21, with highest-resolution images of better than 3 meters per pixel1. As of
14 July 2013, Chang’e-2 is still traveling into outer space over 50 million kilometers away from Earth, and it is the
first successful multiple-type-objective probe in history that has ever visited the Moon, a Lagrangian point, and an
asteroid.

Asteroids are remnant building blocks of the formation of the Solar System. They provide key clues to
understanding the process of planet formation, the environment of the early Solar nebula, and even the occur-
rence of life on Earth. Toutatis, as an Apollo near-Earth asteroid in an eccentric orbit that originates from the
main belt, was a good target for Chang’e-2’s flyby mission because this asteroid is full of fascinating puzzles. The 3-
D shape of Toutatis has been well reconstructed, and its spin state has been determined, from extensive radar
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measurements taken at Arecibo and Goldstone2–9 since 1992 during
its closest approaches to Earth, once every four years. The results
indicate that Toutatis is characterized as a non-principal-axis rotator;
this tumbling asteroid rotates about its long axis with a period of 5.4
days, and the long-axis precession period is 7.4 days7; this precession
may be induced by the Earth’s tides during each close-in flyby10 and
the Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect11. More-
over, detailed geological features, such as complex linear structures
and concavities, have been revealed in Hudson et al.’s model5 at an
average spatial resolution of ,34 m. Hence, the primary issue of
concern is whether the derived radar models accurately represent
the real appearance of Toutatis. Furthermore, some features such as
boulders and regolith on its surface have been speculated to exist in
previous radar models5,6. It was hoped that this mystery could be
solved by obtaining optical images during a spacecraft’s close flyby.
Furthermore, small asteroids at the km scale are believed to have a so-
called rubble-pile structure, which means that they consist of a loose
collection of fragments under the influence of gravity. Therefore, the
second major question arises – whether Toutatis is also an agglom-
eration of gravitationally bound chunks with such a fragile structure.

The optical images of Toutatis were obtained using one of the
onboard engineering cameras, which were originally designed to
monitor the deployment of solar panels on the spacecraft and to
photograph other objects (such as the Earth and Moon) in space.
The camera that is capable of color imaging has a lens with a focal
length of 54 mm and a 1024-by-1024-pixel CMOS detector, and it
has a field of view (FOV) of 7.2u by 7.2u. A solar panel shields the
camera from sunlight to help minimize stray light. The FOV was
partly occulted by the solar panel, and thus some of the images were
cut off from the early gallery. As part of the imaging strategy,
Chang’e-2 maneuvered to adjust the camera’s optical axis to lie anti-
parallel to the direction of the relative velocity vector between the
probe and Toutatis. Imaging during the inbound trajectory was not
ideal because there was a large Sun-Toutatis-Chang’e-2 phase angle
of ,143.6u. Therefore, Chang’e-2 completed an attitude adjustment
approximately an hour ahead of the flyby epoch to prepare for the

outbound imaging. The overall imaging time was approximately 25
minutes, and the interval for each snapshot was 0.2 seconds. During
the mission, the spacecraft collected more than 400 useful images
totaling 4.5 GB of data. Figure 1 shows several outbound images of
Toutatis. Panel e, which was the first panoramic image, was taken at a
distance of ,67.7 km at a resolution of ,8.30 m (see Supplementary
Figure 1), whereas panel a, which was the third in a sequence of
images, corresponds to an imaging distance of ,18.3 km at a local
resolution of ,2.25 m, as shown in Fig. 1. The present highest-reso-
lution optical image has a resolution that is significantly finer than
the 3.75 m resolution of the known radar model8,9, although the
radar images cover nearly the entire surface of Toutatis, whereas
the optical images cover only one side of Toutatis’ surface.

Results
We tested several methods to directly establish the 3-D model of
Toutatis based on the optical images collected by Chang’e-2.
However, there is no satisfactory outcome because of the narrow
viewing angle and the local high-resolution images. Therefore, 3-D
models developed based on delay-Doppler radar measurements5,8,9

were adopted to discern the attitude of Toutatis in the approaching
epoch.

Based on the attitude of the probe and its camera, the relative
position between the asteroid and the probe, and optical images, in
combination with the models of Hudson et al. and Busch et al.5,8,9,
which were utilized to match the spin state of Toutatis (see
Supplementary Figure 2), the direction of the principal axis was
measured to be (250 6 5u, 63 6 5u) with respect to the J2000 ecliptic
coordinate system5,12, and the fundamental parameters are summar-
ized in Table 1. Our result is in good agreement with the previous
prediction8, which indicates that Toutatis’ spin status was greatly
changed because of tidal interaction with the Earth during the
2004 flyby, which had a closest distance of ,0.01 AU8,10.
Furthermore, we again measured Toutatis’ physical size from the
images, and its maximum length and width were estimated to be
(4.75 3 1.95 km) 6 10%, respectively (see Supplementary Section 3).

Figure 1 | Outbound images of Toutatis acquired on 13 December, 2012 during Chang’e-2 flyby, indicative of the spacecraft being away from the
asteroid (from a to e). The left side of Toutatis is blocked by the solar panel in images a–d. The imaging distance (D), epoch of flyby (T, UTC) and

resolution of each image (R) are shown for each snapshot, where the distance error for a is 1.1 km. The resolution of each image is linear with the distance.
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New geological features from Chang’e-2 observation. The shape of
Toutatis resembles that of a ginger root (Fig. 1), where the bifurcated
asteroid mainly consists of a head (small lobe) and a body (large
lobe). The two major parts are not round in shape, and their
surfaces have a number of large facets. In particular, at the end of
the body, there appears to be a huge square concavity, which could be
of large-impact origin. Regarding the asteroid’s appearance, craters
are more prominent on Toutatis than on Itokawa. In contrast, we
clearly see fewer boulders on Toutatis, although many smaller blocks
may have been missed because of the resolution of Chang’e-2 flyby
images.

In comparison with the radar models3–5, the proximate observa-
tions from Chang’e-2’s flyby have revealed several remarkable dis-
coveries concerning Toutatis, among which the presence of the giant
basin at the big end appears to be one of the most compelling geo-
logical features, and the sharply perpendicular silhouette in the neck
region that connects the head and body is also quite novel. A large
number of boulders and several short linear structures (Fig. 1) are
also apparent on the surface, although the lack of sharp contact in the
radar model may be an effect of the SHAPE software13.

Concavities. The giant basin at the big end of Toutatis has a diameter
of ,805 m, and we surmise that one or more impactors may have
collided with the asteroid in this region, thereby gouging out such an
enormous basin. Judging by the contrast of its relatively subdued
relief with large impact basins on other asteroids, Mathilde and
Eros, this large-end depression may be attributable to the internal
structure of the large lobe, with smaller impact features overlying it.
The most significant feature is the ridge around the largest basin. The
wall of this basin exhibits a relatively high density of lineaments,
some of which seem to be concentric to the basin. There are also
several linear structures outside the basin that are roughly parallel to
the basin rim (Fig. 2a). These ridges are indicative of an internal
structure on small bodies14,15. Most of the ridges near the largest
basin at the big end are most likely related to the huge stress
energy during impact. The interior material in the deep region
would have been scattered across Toutatis’ surface by the large
impact that formed the basin, leading to the fracturing of the
asteroid. Hence, one may speculate that the asteroid most likely
has a rubble-pile internal structure.

More than fifty craters have been identified from the flyby images,
and they have diameters ranging from 36 to 532 m (with an average
of ,141 m). ,44% of the craters exceed 100 m in diameter, which is
consistent with Hudson et al.’s model. From the close-up image, a
crater of high morphological integrity (with a diameter of ,62 m)
can be clearly observed, whereas tens of boulders (with lengths
of ,20–30 m) are randomly distributed nearby (Fig. 2b). Two

Table 1 | Parameters for Toutatis

Property Value

Osculating Orbital elements a 5 2.5336 AU, e 5 0.6301
i 5 0.4466u, V 5 124.3991u
v 5 278.6910u, M 5 6.7634u

Special type S (IV)5
Size (diameter) Major axes (x 5 4.60 6 0.10 km, y 5 2.29 6 0.10 km,

z 5 1.92 6 0.10 km)5
(x 5 4.46 6 0.10 km, y 5 2.27 6 0.10 km,

z 5 1.88 6 0.10 km)9
Rotational properties
Rotation 5.4 day2,5

Precession 7.4 day2,5

Pole position in the space b 5 250 6 5u, l 5 63 6 5u
b 5 54.6u, l 5 60.6u 8,9

a 5 258 6 5u, d 5 40 6 5u
Density 2.5 g cm23 20

Using the data released by the Minor Planet Center34,35 and optical data from the ground-based
observational campaign sponsored by the Chinese Academy of Sciences, we determined Toutatis’
orbit with uncertainties on the order of several kilometers. Osculating orbital elements were
calculated for the flyby epoch of 13 December 2012 at 8:30 UTC, where a, e, i, V, v, and M are
the semi-major axis, the eccentricity, the inclination, the longitude of the ascending node, the
argument of perihelion, and the mean anomaly, respectively. b, l and a, d are the longitudes and
latitudes of the long axis of the asteroid in the J2000.0 ecliptic and equatorial coordinate systems,
respectively.

Figure 2 | All kinds of geological features on the Toutatis’ surface. (a) All craters (blue profiles) and boulders (red squares) are outlined in the panoramic

image of Toutatis. Two craters are closely distributed: the smaller crater (B) seemed to superimpose on the larger one (A). Green lines indicate the

lineaments. Black arrows point the flow direction of the fine-grained regolith. (b) The enlarged portion shown (white box) in the left panel (a). A

morphological-integrity crater can be observed. Tens of boulders are randomly distributed around.

www.nature.com/scientificreports
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concavities are closely carved into the surface: the larger (with a
diameter of ,368 m) has a relatively vague outline, whereas the
smaller (with a diameter of ,259 m) has a relatively clear edge.
Based on their appearance, we suspect that the relatively smaller,
young crater (marked with the letter B) is superimposed on the
larger, ancient crater (marked with the letter A) (Fig. 2a).

Although the images show that parts of the observed surface areas
have a high degree of exposure, the topographical features of the
craters were identified based on visual inspection and automatic
annotation. Therefore, we identified craters on the large and small
lobes individually, including vaguely shaped candidate craters on the
highly exposed areas, for the investigation of the cumulative and
relative size-frequency distributions (see Supplementary Section
4)16. Figure 3 indicates that the surfaces of the two lobes are very
likely to share a similar cratering history because their relative size-
frequency profiles for craters17 look alike throughout a range of
diameters. Furthermore, the craters on the two lobes are not in
saturation equilibrium, as the two profiles do not tend toward
stability with increasing crater diameter (Fig. 3a). An abundance of
craters would suggest that Toutatis suffered from many impacts of
interplanetary projectiles in the past.

Boulders. From the flyby images, more than thirty boulders can be
clearly discerned. They have lengths that range from 12 to 81 m, with
an average of ,32 m. Approximately 90% of the boulders are less
than 50 m in diameter. The largest boulder, along with other large
boulders, is located near the neck region (Fig. 2a). It is believed that a
large ejected fragment is empirically associated with a large crater18,19.
The boulders are suggested to be those non-escaping ejecta that re-
impact onto the asteroid’s surface within a short timescale20. Recently,
the Goldstone radar images of 12 December 2012 have also suggested
that several 10-m-scale bright features may be boulders8. However,
the optical images, although they were collected on only one side of
the asteroid, have an advantage over the radar models5,8 in uncovering
local fine features on the surface of Toutatis.

Regolith. Two craters in the neck area are indicative of the granular
flows in the inner flanks. The upper regolith near the craters is fine
grained, whereas the lower is relatively coarse, and very many
fragments are present (Fig. 2a). Such a structure may indicate the
redistribution of regolith via downslope or resurfacing processes,
which may be related to the inclined terrain and the orientation
of gravity20. The results are in good agreement with those of
polarimetric observations21,22, thereby indicating that Toutatis is
covered with fine regolith made up of light-transmitting materials.
The same features have also been reported on Lutetia’s surface23.
Furthermore, the characteristics once again suggest that Toutatis’
surface may consist of a fine granular or regolith layer with the
porosity of lunar soils4. The latest results imply that this asteroid
may bear an undifferentiated L-chondrite surface composition24.

There is additional evidence that supports the existence of regolith
on Toutatis’ surface. The average thermal inertia for Toutatis may
have a low profile, according to an empirical relation between the
thermal inertia and the effective diameter25. For a non-principal-axis
rotator such as Toutatis, the global redistribution of regolith that
results from lofting may also be one of the factors that contributes
to the low surface thermal inertia25. A considerable number of mm-
sized grains may constitute Toutatis’ regolith (Fig. 2b), and the rego-
lith depth on the surface might range from several centimeters to
several meters. Clearly, Toutatis’ thermal inertia seems to be much
less than that of Itokawa26; thus, the terrain of Toutatis is a bit
smoother than that of Itokawa, and the boulders on Toutatis’ surface
are less numerous than those on Itokawa’s surface, which is mostly
embedded with numerous pebbles and gravel in all regions.

Linear structures. Several types of linear structures, which are pri-
marily composed of troughs and ridges that appear to be common for
small asteroids27,28, can be easily observed on Toutatis’ surface.
Notable linear structures are apparent in the radar models5; how-
ever, the flyby images do not identify any linear features that have
been previously reported because the relevant part of the surface was

Figure 3 | (a) The relative size-frequency distribution for craters on Toutatis. (b) The cumulative size-frequency distribution for craters on Toutatis. In

panel (a) R plot was devised by the Crater Analysis Techniques Working Group17 to better show the size distribution of craters and crater number densities

for determining relative ages. The vertical position of the curve is a measure of crater density or relative age on the Toutatis: the higher the vertical

position, the higher the crater density and the older the surface. In panel (b) x-axis stands for the crater diameter and y-axis represents the crater number

larger than corresponding diameter on the investigated area. CSFD would easily inform that the size of craters distribute as diameters increase.

www.nature.com/scientificreports
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invisible to Chang’e-2. The present linear structures, which are
similar to the short linear structures of Itokawa, are clearly
observed29 to have a length of 120–330 m in the visible regions of
the images. The troughs, which are similar in appearance to groove-
like features, are primarily scattered over the small lobe; they have an
average length of ,170 m, and they are approximately orientated
along the long axis of the asteroid (Fig. 2a). Generally, troughs are
related to extensions resulting from tensile stress in the plane of the
surface15. Consequently, they may be produced by the tensile stresses
that arise from nearby impact cratering or other geological processes.

Discussion
As mentioned above, the existence of the giant basin and its sur-
roundings provides direct evidence that Toutatis is likely to be a
rubble-pile asteroid. In this case, the asteroid could reassemble itself
into a weak aggregate of large fragments via a heavy impact or many
smaller impacts; in this manner, the large interior voids could absorb
the collision energy and further resist huge collisions in the forma-
tion process. Furthermore, a vast majority of S-type asteroids appear
to possess rubble-pile structures with an average porosity of ,15%–
25%30. Recent investigations have demonstrated that the typical bulk
density of L ordinary chondrites is ,3.34 g cm23 24,30. Assuming a
density of 2.1–2.5 g cm23 20, Toutatis may have a porosity in the
range ,25% to ,37%, thereby implying that it may be an intermedi-
ate body between Eros (,20%30) and Itokawa (,41%26) with respect
to surface features. Moreover, strong evidence from N-body simula-
tions indicates that two km-sized objects with rubble-pile structures
would produce Toutatis-like objects31. In summary, we may con-
clude that Toutatis is not a monolith but most likely a coalescence
of shattered fragments.

The bifurcated configuration means that Toutatis is comprised of
two major lobes, similar to Itokawa, thereby implying that Toutatis is
a contact binary, which is an asteroid type that may constitute more
than 9% of the NEA population. Km-sized contact binaries, such as
4486 Mithra and 4769 Castalia, share an irregular, significantly bifur-
cated shape32. The following question then arises: how do these con-
tact binaries form?

Several formation mechanisms have been proposed to produce
such bifurcated configurations. The first scenario supposes that the
two major lobes were two separate objects, which were moving at a
sufficiently low relative speed to yield a contact binary26. The differ-
ence in the orientations of head and body may be indicative of their
diverse origins and further suggests that the two parts were once
detached. The second scenario includes the YORP and binary
YORP (BYORP) effects, which are likely to form contact binaries33,
especially for those objects with slow rotational periods. In this scen-
ario, two components, which may be major fragments of a parent
body, suffer re-impact and recombination, thereby leading to the
formation of a bifurcated configuration. The third scenario suggests
that catastrophic collisions may have gouged out the giant basin and
a number of craters on Toutatis’ surface. The boulders near three
potential arc depression terrains (Figure 2a) imply that the head may
have experienced severe impacts. Last but not least, tidal disruption
from a close encounter with a terrestrial planet is also likely to play a
role in the formation of such a contact binary. In short, the above-
mentioned scenarios may have actually occurred during Toutatis’
history. Hence, we infer that Toutatis may be a reconstituted contact
binary.

The Chang’e-2 flyby has revealed several new discoveries regard-
ing Toutatis, e.g., the giant basin at the big end, the sharply perpen-
dicular profile about the neck region, and direct images of distributed
boulders and surface regolith. It is the first time that geological fea-
tures on Toutatis’ surface have been observed so clearly. All these
observations suggest that Toutatis may bear a rubble-pile structure,
similar to other S-type asteroids, such as Itokawa. Moreover, the
close-up imaging results for the asteroid provide further indication

that the bifurcated configuration that is related to the formation of
contact binaries appears to be quite common among the NEA popu-
lation. The observations of Chang’e-2 have significantly improved
our understanding of the formation and evolution of these building
blocks of the Solar System.

Methods
To adapt to Chang’e-2’s characteristics of high control accuracy and the wide FOV of
7.2u by 7.2u of the engineering camera, a close-approach strategy and a specific
imaging design were developed. As shown in Supplementary Figure 1, L, S, and Dt
represent the minimum distance of rendezvous, the imaging distance, and the time
interval between two sequential images, respectively. The camera optical axis pointed
in the direction of the relative velocity between the probe and Toutatis, which
remained nearly unchanged during the flyby. After a short time at the closest
approach, the camera captured Toutatis; the asteroid was contained in the FOV, but
the imaging size decreased as the departure distance increased. By solving the geo-
metric relation between Image 2 and Image 3, the distances L and S and the resolution
of each image were determined for the Chang’e-2 observations.

Taking into account the various characteristics of the specific approach design and
imaging strategy for the flyby, a physical size of (4.75 3 1.95 km) 6 10% for the
illuminated region of the asteroid surface was statistically estimated from the
sequence of images recorded by the CMOS detector during the flyby. The determined
size is in good agreement with that of the radar model5 (see Supplementary Sections 1
and 3).

The attitude of a rigid body in space is determined by its rotations around three
axes of an orthogonal coordinate system. To define the attitude of Toutatis in each
optical image (Supplementary Figure 2a), the three axes l1, l2, and l3 are defined as
follows: l1 and l2 extend through Toutatis’ centroid in the images along the directions
of the long axis and short axis, respectively, and are perpendicular to each other. l3 is
perpendicular to the imaging plane and constitutes a right-handed coordinate system
with l1 and l2.

To match its shape to the optical images, we rotated the model of Busch et al. in
intervals of 5u for each Euler angle around the three axes of the body-fixed coordinate
system in space. Next, we chose three criteria of the orientation of the asteroid’s long-
axis, the ratio of length to width, and the obvious topographical feature at the joint of
the two lobes of Toutatis – to ensure that the radar model agreed with the optical
images from Chang’e-2, as shown in Supplementary Figure 2a. The most approx-
imate attitude was finally obtained by rotating the radar model and comparing it with
the optical image, as shown in Supplementary Figure 2b. The coordinate trans-
formation from the asteroid’s body-fixed system to the J2000.0 equatorial coordinate
system were expressed in terms of three components of Euler angles. The directions of
the principal axes were then obtained according to the attitude of the radar model.

The craters and other geological features were identified via both visual inspection
and automatic annotation. In this case, dozens of low-lying regions were noted, and
their positions, contours, and sizes were obtained using surface-structure-analysis
techniques. The feature points on the edge of each crater were labeled manually based
on the treatment of the imaging process and the radar model. After the points were
marked, a piecewise-quadratic curve was fitted to them, and closed curves were
obtained as contour profile. The sizes of the craters (and boulders) were calculated
based on the resolution for each image and the fitted contour profiles.
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