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INTRODUCTION: On 1 January 2019, the New
Horizons spacecraft passed 3538 km from
Kuiper Belt object (KBO) (486958) Arrokoth.
Arrokoth is a contact binary consisting of two
distinct lobes, connected by a narrow neck.
Its orbital parameters, albedo, and color make
Arrokoth a typical cold classical KBO (CCKBO).
CCKBOs are the most dynamically and physi-
cally primitive population of small Solar Sys-
tem bodies known.

RATIONALE: Since the publication of initial re-
sults from the flyby, additional data have
been downlinked and analyzed. This paper
describes the resulting analysis of Arrokoth’s
shape, geological evolution, and satellite and
ring constraints.

RESULTS: Improved stereo imaging constrains
the object’s shape and topography and allows
us to generate a stereographic terrain model.
Typical relief on both lobes (away from the
neck region) is ~0.5 km or smaller.
Arrokoth’s rotational period is 15.92 +
0.02 hours, with its rotational pole pointing
to right ascension = 317.5 + 1° declination =
—-24.9 = 1% J2000 equinox. The object consists

of two roughly ellipsoidal lobes with overall
dimensions of 36 km by 20 km by 10 km. The
maximum dimensions of the two lobes are
20.6 km by 19.9 km by 9.4 km and 15.4 km
by 13.8 km by 9.8 km, with uncertainties of
0.5 km by 0.5 km by 2.0 km. The total volume
is equal to a sphere of diameter 18.3 + 1.2 km,
and the volume ratio of the two lobes is 1.9 +
0.5. Global bulk density must be >290 kg m™>
if the neck is not in tension. Assuming a bulk
density of 500 kg m ™2, as measured for comets,
the mean surface gravity is ~1 mm s~2, and
the compressive strength of the neck must
be >2.3 kPa.

The two lobes are closely aligned. The max-
imum axis of inertia of the large lobe is aligned
within <5° of that of the small lobe. The equa-
torial planes of the two lobes are also almost
coincident in space.

The small lobe’s surface is marked by com-
plex albedo patterns, often with sinuous mar-
gins and no detectable topographic signature,
whereas the large lobe’s surface is dominated
by clusters of low dark hills superposed on
brighter, smoother terrain. The large lobe’s
surface is divided into distinct subunits, which
may represent smaller bodies that accreted to

form it, though the overall smoothness of the
surface, and the youthful appearance of many
boundaries, which are sometimes undetectable
or cross-cut by clusters of hills, suggest a more
complex postformation history. If the sub-
units did accrete first, the
smoothness of their mu-
Read the full article tual boundaries suggests
at http:/dx.doi. subsequent accretion of
org/10.1126/ additional material and
science.aay3999 later reactivation of the
boundaries.

We identify ~40 possible impact craters on
Arrokoth, though only about 10 with high con-
fidence. The largest crater, nicknamed Maryland,
is about 7 km in diameter, and the rest are
smaller than 1 km. Their size-frequency dis-
tribution is consistent with a single power law.
Crater densities are lower than on many other
small bodies but are consistent with a surface
age of >4 billion years. No satellites or rings
are detected: Satellite diameter upper limit is
180 m out to 8000-km radius from Arrokoth.

CONCLUSION: Arrokoth’s smooth, lightly cra-
tered surface is unlike that of other Solar Sys-
tem bodies and appears to date from the period
of planetary accretion. The alignment of its two
lobes constrains the processes that formed this
contact binary. Because its orbit, albedo, color,
and rotation are typical of other CCKBOs,
Arrokoth can likely be used to understand the
cold classical belt as a whole.

The list of authors and their affiliations is available in the full
article online.
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Stereo image pair of Arrokoth. The left and center images can be viewed cross-eyed, or the right and center by direct viewing.
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The Cold Classical Kuiper Belt, a class of small bodies in undisturbed orbits beyond Neptune, is
composed of primitive objects preserving information about Solar System formation. In January 2019,
the New Horizons spacecraft flew past one of these objects, the 36-kilometer-long contact binary
(486958) Arrokoth (provisional designation 2014 MUgg). Images from the flyby show that Arrokoth has
no detectable rings, and no satellites (larger than 180 meters in diameter) within a radius of 8000
kilometers. Arrokoth has a lightly cratered, smooth surface with complex geological features, unlike
those on previously visited Solar System bodies. The density of impact craters indicates the surface
dates from the formation of the Solar System. The two lobes of the contact binary have closely aligned
poles and equators, constraining their accretion mechanism.

n 1 January 2019 at 05:33:22 Universal
Time (UT) the New Horizons spacecraft
flew past the Kuiper Belt object (KBO)
(486958) Arrokoth (provisional designa-

nant cold classical KBO (CCKBO) population
and is probably a member of the tight orbital
clustering of CCKBOs known as the kernel
(4). There is no known mechanism for trans-

tion 2014 MUgg previously nicknamed
“Ultima Thule”), at a distance of 3538 km (7).
Arrokoth is a contact binary consisting of two
distinct lobes, connected by a narrow neck. On
the basis of its orbital semi-major axis, low
eccentricity and inclination (2), and albedo
and color (7, 3), Arrokoth is classified as a
member of the dynamically cold, nonreso-

porting the majority of these objects onto these
nearly circular orbits, so they are thought to
have formed in situ and remained dynamically
undisturbed since the formation of the Solar
System. Owing to the low impact rates (5) and
low temperatures in the Kuiper Belt, CCKBOs
are also thought to be physically primitive
bodies. Arrokoth’s equivalent spherical diam-

eter of 18 km (see below) makes it about 5.5
times smaller in diameter than a known break
in the size-frequency distribution of CCKBOs
at diameter ~100 km (6).

Initial results from this flyby (1) were based
on early data downlinked from the spacecraft.
Since then, additional data have been down-
linked, including (i) the highest-resolution im-
ages from the flyby, taken with the narrow-angle
Long-Range Reconnaissance Imager (LORRI)
camera (7). These LORRI images have a pixel
scale that is four times finer (33 m pixel™)
than the 130 m pixel ! of previously available
Multicolor Visible Imaging Camera (MVIC)
(8) images (I), though because of smear and a
lower signal-to-noise ratio (SNR), the effec-
tive resolution of the LORRI images is only
about two times better than that of the MVIC
images. Other downlinked data include (ii) ad-
ditional LORRI images from earlier approach
epochs, with higher SNR than previously
downlinked data; (iii) improved LORRI dis-
tant approach rotational coverage, constrain-
ing the shape and rotational parameters; and
(iv) additional satellite and ring search data
from LORRI and MVIC. See (9) for image-
processing details. We describe Arrokoth’s
shape, geological evolution, and satellite and
ring constraints resulting from these addi-
tional data and from continued analysis of all
downlinked data.

Stereo imaging

A pair of LORRI images, designated CA04 and
CAO6 [Fig. 1A and table S1 (9)], provides im-
proved stereo imaging to constrain the shape
and topography of the close approach hemi-
spheres of the two lobes. A stereographic ter-
rain model derived from these images [data S1
(9], is shown in Fig. 2. Topographic relief in
the stereo model is ~0.5 km or less on both
lobes (away from the neck region), similar to
the 1.0- and 0.5-km relief seen in limb profiles
of the large and small lobes, respectively (7).
The stereo images (Fig. 1A) show additional
topographic detail that is visible to the eye but

ISouthwest Research Institute, Boulder, CO 80302, USA. °NASA Ames Research Center, Moffett Field, CA 94035-1000, USA. *Johns Hopkins University Applied Physics Laboratory, Laurel, MD
20723, USA. *Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA. ®Department of Earth and Planetary Sciences and McDonnell Center for the Space Sciences,
Washington University, St. Louis, MO 63130, USA. ®SETI Institute, Mountain View, CA 94043, USA. “Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA
91125, USA. ®National Science Foundation’s National Optical Infrared Astronomy Research Laboratory, Tucson, AZ 26732, USA. °Jet Propulsion Laboratory, California Institute of Technology
Pasadena, CA 91109, USA. °Department of Earth and Planetary Sciences, Birkbeck, University of London, London WCIE 7HX, UK. *University College London, Gower St, Bloomsbury, London
WCIE 6BT, UK. *?Independent Consultant, Washington, D.C., USA. *Massachusetts Institute of Technology, Cambridge, MA 02139, USA. “Department of Physics, University of Central Florida,
Orlando, FL 32816, USA. SSouthwest Research Institute, San Antonio, TX 78238, USA. 'SLowell Observatory, Flagstaff, AZ 86001, USA. YDepartment of Astronomy and Planetary Science,
Northern Arizona University, Flagstaff, AZ, 86011, USA. *®Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO 80303, USA. *NASA Goddard Space Flight Center,
Greenbelt, MD 20771, USA. °National Research Council of Canada, Victoria, BC VOE 2E7, Canada. 2independent Consultant, Mountain View, CA 94043, USA. **Department of Astrophysical
Sciences, Princeton University, Princeton, NJ 08544, USA. 2*Lunar and Planetary Institute, Houston, TX 77058, USA. 2*Planetary Science Institute, Tucson, AZ 85719, USA. **Earth and Planetary
Science Department, University of California, Santa Cruz, CA 95064, USA. 2®Decipher Technology Studios, Alexandria, VA 22314, USA. #’Lunar and Planetary Laboratory, University of Arizona,
Tucson, AZ 85721, USA. ®Independent Science Writer, Arlington, VT 05250, USA. 2°University of Idaho, Moscow, ID 83844, USA. *°Universidad de Chile, Centro de Astrofisica y Tecnologfas
Afines, Santiago, Chile. *'Kashima Space Technology Center, National Institute of Information and Communications Technology, Kashima, Ibaraki 314-8501, Japan. *’Department of Astronomy,
University of Maryland, College Park, MD 20742, USA. 33Center for Astrophysics, Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA. **Department of Environmental
Sciences, University of Virginia, Charlottesville, VA 22904, USA. **National Institutes of Natural Sciences, Tokyo, Japan. 36Marine, Earth, and Atmospheric Sciences, North Carolina State
University, Raleigh, NC 27695, USA. */Independent Collaborator, Windlesham GU20 6YW, UK. **Association of Universities for Research in Astronomy, Washington, DC 20004, USA. **Rheinisches
Institut far Umweltforschung an der Universitat zu Koln, Cologne 50931, Germany. “Clnstitut Univers, Temps-fréquence, Interfaces, Nanostructures, Atmosphére et environnement, Molécules,
Unité Mixte de Recherche, Centre National de la Recherche Scientifique, Universite Bourgogne Franche Comte, F-25000 Besancon, France. “'Space Telescope Science Institute, Baltimore, MD
21218, USA. *Independent Consultant, Holland, MI 49424, USA. “*Department of Terrestrial Magnetism, Carnegie Institution for Science, Washington, DC 20015, USA. “‘Roane State Community
College, Oak Ridge, TN 37830, USA. **Université Cote d'Azur, Observatoire de la Cote d’Azur, Laboratoire Lagrange/ Centre National de la Recherche Scientifique, Unité Mixte de Recherche
7293, 06304 Nice Cedex 4, France. “®Institute for Astronomy, University of Hawaii, Honolulu, HI 96822, USA.

*Corresponding author. Email: spencer@boulder.swri.edu

Spencer et al., Science 367, eaay3999 (2020)

28 February 2020

lof11

0202 ‘2 Yoty uo /610" Bewaousos 9ousios//:diy woly papeojumoq


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

Normal
Reflectance

(N ——

0.15 0.20 0.25

lllumination
direction
(32.5° phase)

0.30 0.35

Tentative
unit boundary

Unit boundary Scarp crest

Trough Crater rim crest Gradational
brightness zone
ta tb tc td

<—— Rolling topography units A through D ——>

te tf tg th
<€— Rolling topography units E through H ——>

sm bm bc dc
Smooth Bright Small Bright Dark
material  material pit crater crater
material  material
rm um dm
Mottled Rough  Undifferentiated Dark
material material material material

Fig. 1. Mapping of Arrokoth. (A) Cross-eyed (left+center) and direct (center+right) stereo pair image of Arrokoth, taken by LORRI. The left and right images are
CAO4, range = 27,850 km, phase = 12.9°, 138 m pixel™": the center image is CAO6, range = 6634 km, phase = 32.5° 33 m pixel % Both images have been deconvolved
to remove the LORRI point-spread function, and motion blur from CAO6, to maximize detail (9). (B) A 0.6-um normal reflectance map of Arrokoth, based on
image CA04. (C) Geomorphological map of Arrokoth, overlain on the deconvolved CAO6 image. The positive spin axis of Arrokoth is pointing approximately into the
page. Yellow labels L1 to L7 identify locations mentioned in the text. Geological units are labeled and colored as shown in the legend.

smaller than the 200-m vertical resolution of
the terrain model. Our interpretation is based
on both the terrain model and subjective anal-
ysis of the stereo pair.

Rotation and global shape modeling

No periodic brightness variation due to rota-
tion was detected in Hubble Space Telescope
(HST) photometry before the flyby, with an
upper limit amplitude of about 0.15 magni-
tudes (10). Stellar occultations in July 2017
and August 2018 showed that Arrokoth had
an elongated, possibly contact-binary shape

Spencer et al., Science 367, eaay3999 (2020)

(I1). The elongated shape and the low light-
curve amplitude implied that Arrokoth’s ro-
tational pole was roughly aligned with the
direction of the Sun and Earth.

ArroKkoth’s rotation and global shape are
mostly determined from LORRI images taken
between 2.2 days before the encounter, when
Arrokoth first exceeded 2 pixels in length, and
9 min after encounter, when Arrokoth was last
imaged (at high phase angle) as a receding
crescent (Fig. 3). Disk-integrated photometry
from earlier unresolved LORRI images showed
no periodic variations in brightness, with an

28 February 2020

upper limit amplitude of 0.1 magnitudes (12),
but were affected by confusion from the dense
stellar background. The strongest constraints
on the shape model are from a series of ap-
proach images with a cadence between 1 hour
and 20 min, starting 13.6 hours before closest
approach, when Arrokoth subtended 10 pixels
in length (Fig. 4A). These images covered 85%
of the 15.92-hour rotation period, though only
one hemisphere of Arrokoth was visible be-
cause of the near-alignment of the rotational
pole with both the direction of the Sun and
New Horizons’ approach direction.
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Fig. 2. Stereo and global shape models. (A to C) Comparison of the stereo shape model of the encounter
face (top of each panel) to the global shape model (bottom of each panel), as seen from the —X (small lobe)
direction (A), the +Y direction (B), and the south polar (=Z) direction (C). The red arrow shows the
orientation and location of the positive spin axis. Each model is colored to show the variation in geopotential
across the surface. The stereo model has been trimmed to remove edge effects. (D) Stereo model seen
from the same geometry as the CAO6 observation (Fig. 1A, center), but with different lighting, chosen to

highlight the small-scale topography.

Incorporating the additional rotational cov-
erage images now available into the same ro-
tational modeling techniques as before (I), the
rotational period of Arrokoth is unchanged at
15.92 + 0.02 hours, but its pole orientation
has been refined. The positive rotational pole
points to right ascension 317.5 + 1°, declination
—-24.9 = 1° in the J2000 equinox. The rota-
tion rate is within the range of other CCKBOs
(13-15). The resulting obliquity of Arrokoth’s
pole to its orbit is 99 + 1° and the rotational
pole is 39 + 1° from the New Horizons ap-
proach vector and 28 + 1° from the direction
from the Sun to Arrokoth during the en-
counter. The rotational brightness variation
implied by the shape model would have a
peak-to-peak amplitude of 0.05 magnitudes
from New Horizons’ approach direction, con-
sistent with the earlier nondetections.

Spencer et al., Science 367, eaay3999 (2020)

Alow-resolution global shape model [data S2
and Movie 1 (9)] was produced using all avail-
able observations—including the early, distant
ones—to refine the model. The high phase angle
CAO07 observation [Fig. 3 and table S1(9)], of the
illuminated double crescent of Arrokoth, pro-
vides a constraint on how thick the unillumi-
nated side can be, based on which stars are and
are not eclipsed by the object (Fig. 4B). There
remain differences between the shape model
and the LORRI images in Fig. 4A; e.g., compared
to the model, the images show a less indented
neck and flatter outer end of the small lobe be-
tween December 31 20:38 and January 1 01:12.

The best-fitting global shape model consists
of two roughly ellipsoidal lobes with overall
dimensions X, Y, and Z of 36 km by 20 km by
10 km. Maximum dimensions of the large
and small lobes are 20.6 km by 19.9 km by

28 February 2020

Fig. 3. Arrokoth seen at high phase. New Horizons'
last view of Arrokoth (CAQ7), taken with the LORRI
camera 9.4 min after closest approach at phase angle
152.4° range 8834 km, and resolution 175 m pixel’l.
This image has been deconvolved to remove the
motion smear visible in Fig. 4B (9). The large lobe is in
the upper left and the small lobe is in the lower right.

9.4 km and 15.4 km by 13.8 km by 9.8 km,
respectively. The uncertainty for these dimen-
sions is roughly 0.5 km by 0.5 km by 2.0 km in
X, Y, and Z, respectively; it is larger in the Z
direction because the flyby imaged little of the
+Z (northern) half of the object. The total
volume is 3210 + 650 km?, equivalent to a
sphere of diameter 18.3 + 1.2 km. This volume
is 30% larger than the previous estimate of
2450 + 720 km? (7), though consistent within
the uncertainties. The larger lobe has a vol-
ume equal to a sphere of diameter 15.9 +
1.0 km, whereas the equivalent diameter for
the smaller lobe is 12.9 + 0.8 km. These values
lead to a volume ratio (and mass ratio if den-
sities are equal) of 1.9 + 0.5.

Figure 2 compares the global shape model
to the stereo model of the encounter (-Z) side
of Arrokoth. There is broad agreement between
the two techniques, although the south polar
region of the large lobe is flatter in the stereo
model, and the neck is smoother (a slope dis-
continuity at the neck is an intrinsic feature of
the global shape model, owing to its dual-lobe
nature). We regard the stereo model as more
reliable than the global shape model in the
south polar and neck regions, because the stereo
model incorporates additional information due
to the matching of albedo features and because
these albedo features can also produce artifacts
in the global shape model, which assumes a
uniform surface albedo. However, near the
limbs, the stereo model performs poorly be-
cause foreshortening makes feature matching
difficult, whereas the global shape model is well
constrained near the limbs.

Gravity modeling

The irregular shape of Arrokoth produces a com-
plex geophysical environment. We calculated
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Fig. 4. Shape model compared to LORRI images. (A) Deconvolved LORRI approach images of Arrokoth,
compared to synthetic images with the same geometry derived from the global shape model. Images have
been scaled to a constant frame size of 44 km by 44 km, so become sharper as time progresses and
range decreases. Celestial north is up. (B) The CAQ7 departure image, with the silhouette (dark blue) and
outline (light blue dashed line) of the shape model superposed. Open and filled yellow dots indicate the
locations of occulted and unocculted stars, respectively, in the six-frame CAQ7 sequence, used to constrain

the shape of the unilluminated hemisphere.

— |

6
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Movie 1. Animation of the global shape model of Arrokoth. The model is shown rotating about its true
spin axis (red arrow), highlighting the encounter hemisphere. The model is colored to show geopotential

altitude and is obliquely illuminated.

Arrokoth’s geopotential (the sum of the gravi-
tational and rotational potentials in a body-
fixed reference frame) using the low-resolution
global shape model, the 15.92-hour rotation
period, and an assumed bulk density. In the
absence of spacecraft gravity measurements
or detected satellites, the density of Arrokoth
is not directly constrained. However, if the
neck of Arrokoth is assumed to have no tensile
strength, the density must be >290 kg m 3, or
the rotation would overcome the mutual grav-
ity of the two lobes, causing them to sepa-
rate. We assume a nominal bulk density of
500 kg m~2, similar to the measured densities
of cometary nuclei [e.g., comet 67P/Churyumov-

Spencer et al., Science 367, eaay3999 (2020)

Gerasimenko (16)], which leads to a mean sur-
face gravity of ~1 mm s~2. If this density is
correct, the requirement for the two lobes to
support each other against their mutual grav-
ity over their ~28 km? contact area implies a
compressive strength (accounting for centrif-
ugal force) of >2.3 kPa.

Figure 2 uses color to show the geopotential
altitude, calculated by dividing the geopoten-
tial by the total acceleration, which represents
elevation with respect to a gravitational equi-
potential surface (7). The geopotential is cal-
culated from the global shape model, then
evaluated on the surfaces of the global shape
model and the stereo model [with positions

28 February 2020

matched to the global shape model (9)]. This
approach results in slight inaccuracies in the
geopotential calculated across the stereo model,
as there are regions where the stereo model
rises above or below the surface of the global
shape model. We focus on general trends that
are robust to the uncertainties in the shape
model. The geopotential is highest at the dis-
tal ends and equator and decreases with in-
creasing latitude on each lobe, reaching a
global minimum at the neck. For an assumed
density of 500 kg m™>, surface slopes [deriv-
atives of the geopotential (17)] are generally
gentle (<20°) and slope downward to higher
latitudes and into the neck region (fig. S1). If
material can flow downslope, then it will collect
at higher latitudes and in the neck region. The
stereo model shows that the neck is relatively
smooth compared to its sharp appearance in
the global shape model, with shallow slopes.
The global shape model shows slopes of >30°
at the neck, but this steepness is in part an
artifact of the global model’s treatment of
Arrokoth as two separate overlapping bodies.
The configuration of the two lobes of
Arrokoth has implications for its formation
and evolution (7, 18). Using the same assump-
tions as above, we calculate the principal axes
of inertia for the two lobes by dividing the
model at the narrowest point of the neck.
This confirms that the large lobe’s highest
moment of inertia axis is aligned within <5°
of its small lobe counterpart, and the equato-
rial planes of the two bodies are also almost
coincident in space, with the estimated center
of mass of the small lobe displaced only 0.2 km
from the equatorial plane of the large lobe.

Surface units

Figure 1B shows a map of 0.6-um normal
reflectance (19). The map is derived from
the high-SNR CA04 image, using a merger
of the global and stereo shape models to
determine illumination at each point, and
an assumed lunar-like photometric function,
which has no limb darkening at zero phase
(20). The normal reflectance is equal to the
geometric albedo of a body covered in material
with that location’s photometric properties.
Arrokoth’s mean 0.6-um normal reflectance,
and thus its geometric albedo, is 0.23. The
mean and standard deviation of the nor-
mal reflectance are 0.230 and 0.035, respec-
tively, for the large lobe, and 0.228 and 0.043,
respectively, for the small lobe.

We have also produced (9) an updated geo-
logical unit map of Arrokoth (Fig. 1C) that
supersedes the previous preliminary map ().
This mapping is physiographic in nature and
is not intended to rigorously convey strati-
graphic relations between units. The small and
large lobes have distinctly different surface ap-
pearances, so we mapped their surface units
separately and describe them separately below.
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Small lobe

This lobe is dominated by a large depression
(informally named Maryland), which is very
likely to be an impact crater (7). The projected
crater rim measures ~6.7 km by 6 km across
in the image plane, with its longer axis roughly
aligned with the principal axis of Arrokoth.
The ellipticity might be due to foreshortening,
in which case Maryland could be circular with
a diameter of 6.7 km. Stereo measurements
show that the deepest well-determined point
in Maryland is 0.51 km below a plane defined
by the rim, or 1.3 km below the surface of a
sphere with the small lobe’s mean radius,
giving a depth/diameter ratio of 0.08 to 0.19.
This depth/diameter ratio is similar to that of
craters on other bodies with gravities similar
to Arrokoth’s ~1 mm s, including asteroids
Steins [~0.12, 0.8 to 1.3 mm s~ 2 (21)] and Eros
[~0.13, 2.4 to 5.5 mm s 2 (22)], though these
bodies are composed of different materials and
may have different porosities. Stereo imaging
(Fig. 1A) reveals that the part of its rim furthest
from the large lobe features a promontory pro-
truding into the crater (marked L1 in Fig. 1C),
at an elevation similar to the rest of the rim,
which is not a common feature of impact cra-
ter rims.

Albedo patterns across the small lobe are
complex. There are two patches of bright
material (unit bm) within Maryland, which
show discrete boundaries near the crater bot-
tom, and fade toward the crater rim. Straddling
the Maryland rim on the side opposite the
bright patches is discrete, dark crater rim
material (unit dc), which contrasts with the
brighter terrain (unit bc) that forms the re-
mainder of the crater interior. Elsewhere on
the small lobe, discrete morphological units
have albedo variations of almost a factor of 2
(Fig. 1B). The rough terrain at the distal end
of the small lobe (unit rm) forms a facet that
is relatively flat compared to the overall cur-
vature of the surface and is brighter than its
immediate surroundings. The low illumina-
tion angle on this facet reveals a rough surface
texture at a scale of a few hundred meters,
apparently mostly composed of sub-kilometer
pits, with one prominent ~340-m-diameter pit
(marked 27 in Fig. 6A) that resembles a small,
fresh, bowl-shaped impact crater. Another
nearby mottled bright unit (mm) may be sim-
ilar, but it is seen at a higher illumination
angle so topographic roughness is not appar-
ent, and it has a distinctly crenulated and an-
gular margin relative to that of unit rm (L2 in
Fig. 1C).

Dark material surrounding the mm unit
seems to be part of a discrete unit, designated
dm, that wraps around much of the remainder
of the observable surface of the small lobe—
this material is the darkest on Arrokoth, with
minimum 0.6-um reflectance of 0.18. In places
(L3 in Fig. 1C), it has a boundary with pointed
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and angular protrusions and rounded inden-
tations, which may indicate material erosion
and removal due to scarp retreat (7). Near L3
in Fig. 1C, there are also bright circular patches
within the dark material. Running down the
center of the principal mapped outcrop of dark
material is a sinuous unit of bright material
(unit bm), which stereo observations show

A Initial accretion of
soft sub-units

» d
| N
B Viscous flow infill of

sub-unit boundary (implausible)

C Mass wasting infill of
sub-unit boundary
D Depositional infill of sub-unit

boundary, subsequently reactivated

5

m

Later fracturing of
initially monolithic body

|

:

Fig. 5. Possible explanations for the appearance
of the boundaries between terrain subunits on
the large lobe. The original surface (shown in
red) is modified by the processes labeled in each
panel. We consider options (D) and (E) to be

most consistent with the available evidence; see
text for discussion.
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occupies a V-shaped trough. The rest of the
surface of the small lobe is nondescript at
the available lighting and resolution and has
been mapped as undifferentiated material (unit
um). Crossing the undifferentiated material
near the terminator between Maryland and
the large lobe are a series of roughly parallel
troughs, which are reminiscent of structural
troughs seen on other similar-sized bodies—
for instance, asteroid Eros (23, 24), Saturn
satellites Epimetheus and Pandora (25), and
the Martian satellite Phobos (26).

Our data confirm that the bright neck re-
gion connecting the two lobes has a diffuse
margin at least on the large lobe side, but ex-
treme foreshortening makes it difficult to char-
acterize its margin on the small lobe side.

Large lobe

The larger lobe is very different in appearance
from the small lobe. Previous analysis () mapped
the large lobe as composed of a series of rough-
ly equal-sized, discretely bounded, rolling topo-
graphic units. We interpret some of these units
and their boundaries differently, though con-
firm the discrete nature of many of the units
(ta through tg). Those near the terminator,
ta—td, are distinctive, being brighter than ad-
jacent units (Fig. 1B) [though ta is noticeably
less red than the others (3)], and are clearly
separated from the rest of the large lobe by
a common, continuous scarp or trough and
chain of pits. Units tg and th appear more
mottled than adjacent units, and stereo im-
aging of these suggests that their surface con-
sists of dark ridges and hills surrounded by
brighter low terrain.

The rest of the large lobe is occupied by
smooth material (unit sm) of moderate al-
bedo, transected by a series of distinctive
bright linear features (unit bm), some of which
form an incomplete annulus. In some areas
(e.g., L4 in Fig. 1C), the inner margin of the
annulus appears sharply bounded, possibly
with an outward-facing scarp, whereas the
outer margin is more diffuse. Stereo observa-
tions (Figs. 1A and 2D) show that terrain within
the annulus is flatter than the undulating sur-
face of the rest of the visible portion of the large
lobe and suggest that the annulus occupies a
shallow trough. At the boundary between units
tg and sm, the annulus appears to be inter-
rupted by diffuse bright material, which may
be superimposed upon it. In two places, L5 and
L6 in Fig. 1C, dark hills appear to extend into
the sm unit. At L5 in Fig. 1C, these hills seem
to be an extension, cut by the bm annulus, of
similar hills on unit th. We discuss the possible
origin of these features below.

Geological interpretation

Our data, particularly the stereo images, con-
firm that the brighter material on both lobes
occurs preferentially in depressions. The
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brightest material on the large lobe (the pos-
sible crater numbered 17 in Fig. 6A), on the
small lobe (bright features 42 and 43 in Fig.
6A), and in the bright collar between the two
lobes all have normal 0.6-um reflectance values
near 0.37, suggesting that the bright material
has similar chemical and physical properties in
all these regions. The most extensive bright
region, the bright collar in the topographic low
of the neck region, may be simply the largest-
scale example of a general process that creates
bright low-lying material across Arrokoth. As
previously proposed (7), loose, poorly consoli-
dated, likely fine-grained bright material may
move downslope and accumulate in depres-
sions, which would imply that bright material
is more mobile than dark material on Arrokoth.
The complex albedo patterns on the small lobe,
and their crenulated margins, may result from
the exposure and differential erosion of mul-
tiple lighter and darker layers oriented roughly
parallel to its surface, though independent
topographic information is of insufficient qual-
ity to confirm this explanation.

It was previously proposed (7) that the large
lobe might be composed of smaller subunits
that accreted separately. However, the improved
imagery and topography raise issues with this
interpretation. First, the central bm annulus,
enclosing what was mapped as a discrete sub-
unit in (Z), appears to be younger than some
other surface features, and not an unmodified
primordial boundary, for the following rea-
sons: (i) The annulus is incomplete, with no
discernable topographic feature or textural
change in the gap region where it is missing
(L7 in Fig. 1C)—for this reason we map a
continuous unit, sm, across this gap; (ii) even
where the annulus is conspicuous, it cuts
across flat terrain for most of its length; and
(iii) dark hills found on the th and sm sub-
units appear to form a continuous physio-
graphic unit cut by the annulus (at L5 in Fig.
1C), and (iv) the partially concentric nature
of the annulus suggests a structural basis, not
greatly obscured by subsequent deposition.
Second, though other proposed subunits are
distinguishable by differing surface textures,
albedos, and modest topographic inflections
or other surface features, the overall shape
of the large lobe is smooth and undulating.
There are no major topographic discontinu-
ities between the subunits comparable to that
between the two lobes, as would be expected
if the subunits had a similar internal strength
to the lobes as a whole. Erosion and altera-
tion over the past 4.5 billion years (Ga) (see
below) are likely to have modified the optical
surface and the uppermost few meters (27) but
probably do not explain the smoothness seen
at the >30-m scale of the New Horizons imag-
ing resolution.

Some possible explanations for the appear-
ance of the annulus and other subunit bound-
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aries are illustrated in Fig. 5. The subunits
may have been soft enough at the time of
merger that they conformed to each other’s
shapes on contact (7, 28, 29) (Fig. 5A), though
no evidence for impact deformation is seen.
For such deformation to take place at the time,
the shear strength of the merging components
must have been no more than 2 kPa, the ram
pressure of an impacting body assuming a
merger velocity of 1 to 2 m s and a material
density of 500 kg m™. The possibility that
subunits flowed viscously as a result of grav-
ity after contact while still soft (Fig. 5B) can
be discounted, because such flow would require
an implausibly low shear strength of ~100 Pa.
Erosion and downslope movement (mass wast-
ing) may have filled in original gaps between
the subunits (Fig. 5C), though there is an ab-
sence of obvious boundaries (except perhaps at
the the tg/sm contact) between material trans-
ported by mass wasting and in situ material.
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The fact that mass wasting has not filled the
much larger depression between the two lobes
also implies that any major mass wasting pro-
cess must have ceased before the merger of the
two lobes. The original discontinuities may
have been buried by subsequent accretion or
redistribution of surface material (Fig. 5D).
The boundaries would then need to be re-
activated in some way to still be visible on the
surface, possibly by collapse into subsurface
voids or degassing of volatiles such as N, or
CO, which may explain the trough-like ap-
pearance of parts of the bm annulus, and the
troughs and pit chains seen at low illumina-
tion angle between the ta - td subunits and the
rest of the larger lobe. However, it’s not clear
how burial could preserve different surface
textures for the different subunits. Alterna-
tively, the large lobe may be monolithic, and
the visible boundaries may be secondary fea-
tures (Fig. 5E), e.g., produced by subsequent

Crater Diameter (km)

Fig. 6. Craters and Pits on Arrokoth. (A) Locations of features considered for crater analysis; numbers
refer to crater listings in data S3. Color denotes confidence class: pink, high confidence (A_High); yellow,
medium confidence (A_Medium); light blue, low confidence (A_Low). Features indicated in white are
considered to be highly unlikely to be of impact origin and are not included in the crater statistics. The solid
white line splits the large lobe into regions with differing lighting conditions, a more obliquely illuminated
region with more visible depressions (LL_Pits, left) and a more vertically illuminated region with bright spots
(LL_Bright, right). The white dashed curve delineates the boundary of combined geologic units ta, td, tc, and
td (LL_Term), considered together for crater density determination. The star symbols indicate the

planetocentric subsolar point on each lobe according

to the shape model. Lighting direction is shown in

Fig. 1C. (B). The size-frequency distribution of craters on Arrokoth for each crater subgroup and region
described in the text and shown in (A) and (9). The yellow curve includes both high- and medium-confidence
classes, and the light blue curve includes all confidence classes. Parenthetical numbers are the total
number of craters and pits in each category. The Arrokoth crater data are compared to crater densities

on Charon's Vulcan Planitia (39) without diameter adjustments for gravity or velocity scaling, and to
predictions based on an impactor flux model for six different ages of surfaces on Arrokoth and gravity regime
scaling [blue curves with different line styles (5)]. The LL_Term and LL_Bright distributions are offset
horizontally by 9% for clarity. The empirical saturation line refers to a D™ differential power law distribution

(72). Myr, million year; Gyr, billion year.
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fracturing. For the annulus, we consider the
evidence to be most consistent with scenarios
D and E in Fig. 5. However, in any of these
cases, the processes that produced the dis-
tinctive surface textural contrasts between the
units, in particular the patches of dark hills
and ridges, are unknown.

Pits and craters

In addition to the 7-km-diameter probable im-
pact crater Maryland, scattered across the body
of Arrokoth are numerous roughly circular
subkilometer bright patches and pits, though
even if these are mostly impact craters, the
crater density is relatively low compared to
many other small bodies (1) (fig. S2). The
bright patches are generally seen in areas that
have high illumination angle and are away
from the terminator. Some of these patches
appear in stereo imaging (Fig. 1A) to occupy
depressions. These may be equivalent to the
pits seen in low-illumination angle areas near
the terminator (unit sp, Fig. 1C): These pits
might also feature bright material on their
floors that is invisible because of the unfav-
orable lighting.

We have classified these bright patches and
pits to reflect our confidence that they are im-
pact craters, based on the morphology expected
for either fresh or degraded impact craters (9)
(supplementary text), as determined by multi-
ple independent investigators. Crater candidates
and their classifications are listed in data S3
and shown in Fig. 6A. Our criteria included
the spatial arrangement of the potential cra-
ters and their relationship to other geologic
features. For instance, as noted above, a chain
of pits that is coincident with a scarp on the
boundary between units tc and sm possibly
originated through surface collapse rather than
impact (7). For a fresh crater formed on a flat
and smooth surface, a crater rim is expected to
be close to circular and raised above the sur-
rounding terrain [unless the terrain is substan-
tially porous (30)], though image resolution
does not always allow identification of a raised
rim. The interior shape of a crater is expected
to be bowl-like with a depth/diameter ratio
typically not higher than ~0.2 (3I). The pre-
dicted modal impact velocity onto Arrokoth
is ~300 m s~* (5), which is sufficient to form
craters with typical morphologies (see sup-
plementary text). In the case of Arrokoth, the
lowest-velocity impacts (<20 m s™) are unlikely
to leave conspicuous depressions, but these
impacts are expected to be a small fraction of
the total (5). The formation of a crater on a
slope or modification by later geologic pro-
cesses (such as mass wasting or a subsequent
fault near the crater) may also alter the crater’s
appearance.

Potential small craters were subdivided in
three ways (Fig. 6A) (9): (i) All pits and bright
patches were subdivided based on our confi-
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dence that they are impact craters; (ii) features
on the large lobe were subdivided into pits
nearer the terminator, and bright patches
away from the terminator, as shown in Fig. 6A;
and (iii) a combination of geologic units—ta,
tb, tc, and td, designated “LL_Term” as they
are on the large lobe terminator (Fig. 6A)—
was analyzed separately, because the entire
combined unit has low-angle lighting optimal
for crater identification. These subdivisions
yielded a range of plausible crater densities,
shown in Fig. 6B as a crater relative- or R plot
(9). Overall R values for each dataset are some-
what uncertain as they depend on the areas
used for each distribution, and densities are
lower if uncertain craters are excluded. The
resulting uncertainty range of crater densities
is less than a factor of 10 in each diameter bin
in Fig. 6B.

Besides Maryland, all other possible impact
features are 1 km in diameter or smaller. Al-
though the diameter gap between Maryland
and second-largest crater on Arrokoth is large,
the gap does not strongly disfavor a single
power-law size distribution for the craters. We
tested a model crater population with a power-
law size distribution with slope ¢ = -2 against
the observed Arrokoth craters in the combined
“A_High” and “A_Medium” categories. The re-
sulting Anderson-Darling statistic indicates no
substantial disagreement between the model
and observed sample, with a significance level
of p < 17%.

Our analysis shows that Arrokoth appears
to be only modestly cratered, relative to heavily
cratered small objects like Phobos (fig. S2), and
there are some areas on Arrokoth where very
few, if any, potential craters exist, in particular
the part of the large lobe between the dashed
and solid white lines in Fig. 6A.

The age of the surface can be estimated from
the observed crater density. We converted im-
pact flux estimates for Arrokoth to crater den-
sities corresponding to several surface ages (5)
and show these in Fig. 6B. The resulting age
estimates are uncertain, given the uncertainty
in identifying which craters are impact gen-
erated, and because the model curves shift on
the basis of the crater scaling parameters used.
Scaling in the strength regime, as opposed to
scaling in the gravity regime assumed here (5),
could in principle reduce the sizes of craters
produced, if the surface strength of Arrokoth
were sufficiently high. The expected strengths
of porous cometary surfaces are, however, gen-
erally low enough [~1 kPa or less (32)] that the
observed craters on Arrokoth should have
formed in the gravity regime. By contrast, ac-
counting for the additional cratering in an
early but brief dynamical instability phase in
the outer Solar System (33) would shift the
model curves in Fig. 6B upward, although
possibly by no more than a factor of 2 (5). Low
relative densities of small craters are also ob-
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served on near-Earth asteroids and are conven-
tionally explained as being due to seismic
shaking from larger impacts or surface evolu-
tion due to changes in spin state (34-36).
However, Arrokoth’s spin state is likely to
have evolved only very slowly (18), there do
not appear to be sufficient impacts to act as
effective seismic sources, and Arrokoth’s likely
high porosity would make seismic energy pro-
pagation highly inefficient. Overall, despite the
paucity of craters on its surface, the observed
crater density is consistent with a crater re-
tention age of greater than ~4 billion years.
The visible surface at the scale of the LORRI
image resolution thus plausibly dates from the
end of Solar System accretion.

Though the diameters of observed craters
on Arrokoth (apart from Maryland) are smaller
than those measured in the Pluto system, the
slopes of the Arrokoth and Pluto system craters
are consistent given the small number statis-
tics. Using approximate Bayesian computa-
tion forward-modeling methods (37, 38), we
estimated the posterior probability density
functions for the parameters of independent
truncated power-law crater size-frequency
distribution models for Arrokoth's and Charon's
(39) observed crater populations (for craters
<10 km in diameter, below the break in slope
observed on Charon). We then conducted the
same analysis for a model with a common
slope, g, between the two populations, but a
separate offset. The mean slope g = —1.8f8;‘§
for Charon alone, ¢ = —2.375:5 for Arrokoth
alone, and ¢ = —2.0755 for the joint set (95%
confidence). However, as seen in Fig. 6B, cra-
ter density on Arrokoth is higher than would
be obtained from an extrapolation of the Charon
slope and density to subkilometer craters.

Satellites and rings

Before the Arrokoth flyby, constraints on the
prevalence of satellites and rings around sub-
100-km-diameter Kuiper Belt objects were lim-
ited. Larger CCKBOs are frequently members
of orbiting binary pairs (40). Satellites with a
primary/secondary brightness ratio larger than
20 have not been found for KBOs smaller than
500 km in diameter (41), though this is likely in
part due to observational biases. By contrast,
satellites with high primary/secondary bright-
ness ratio are common around large KBOs in
non-CCKBO populations. The presence or ab-
sence of satellites provides a constraint on for-
mation of the Arrokoth contact binary (e.g., a
satellite could potentially remove angular mo-
mentum from the central body). At least two
known asteroid contact binaries have small
satellites: The large Trojan asteroid Hektor
has a satellite that orbits at only 5 times the
primary radius and has a diameter of 5% of
the primary (42), and the large bilobed main-
belt asteroid Kleopatra has two known satel-
lites orbiting at 8 and 12 times the primary
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radius, with diameters 6% that of the pri-
mary (43).

New Horizons conducted a nested series of
satellite searches with the LORRI camera
during its approach to Arrokoth, using stacks
of many images taken using 4 by 4 pixel bin-
ning to increase sensitivity and reduce data
volume. Our dataset allows a deeper and
broader search than previously reported
1, 9). No satellites have been found. We can
exclude satellites larger than 100 to 180 m in
diameter (~0.5% the diameter of the primary)
on orbits ranging from Arrokoth’s surface
to 8000-km radius, and <300 m in diameter
throughout most of the Hill sphere (the re-
gion within which a moon could be gravita-
tionally bound to Arrokoth), assuming albedos
similar to that of Arrokoth itself (Fig. 7).
Satellites analogous to those of Hektor and
Kleopatra can thus be excluded.

The prevalence of rings around small KBOs
is poorly constrained, but they are known to
exist around Chariklo (44), Haumea (45), and
perhaps Chiron (46). We searched for rings
and dust clouds within the Arrokoth environ-
ment at all phases of the encounter. The LORRI
satellite searches on approach, discussed above,
constrained backscattered light due to any ring
or dust clouds to I/F < 2 x 1077 (19) at 11° phase
for a 10-km-wide ring, assuming neutral colors
(2). This limit is fainter than Jupiter’s main ring
[I/F =7 x 1077 at 11° phase (47)]. We also
conducted dedicated ring searches in forward-
scattered light after closest approach, using
images taken 1.7 to 2.3 hours after closest
approach at a phase angle of 168°, covering
radii up to 6000 km from Arrokoth. The MVIC
instrument, which has better rejection of
scattered sunlight than LORRI, was used in
its panchromatic framing mode, with total

exposure times of 30 s. Reduction and anal-
ysis followed methodologies used for similar
Pluto data (48). No rings or dust structures
were detected, with an upper limit I/F of
~1.5 x 107° for structures wider than about
10 km in Arrokoth’s equatorial plane (fig. S4).
Any ring around Arrokoth is thus also fainter
in forward scattering than Jupiter’s main
ring [I/F = 4 x 107° at this phase angle (47)].

New Horizons’ Student Dust Detector (SDC)
instrument (49) detected no signals above the
noise threshold within +5 days of the Arrokoth
encounter, implying that there were no im-
pacts by dust particles >1.6 ym in radius,
giving a 90% confidence upper limit of 3 x
107 particles km™2. For 10% albedo, this is
equivalent to an J/F limit of 3 x 107", even
more constraining than the optical limit, for
particles of this size or larger along the space-
craft trajectory.

Comparison to other KBOs, and to possible
captured KBOs

Though most other known CCKBOs are larger
than Arrokoth, owing to observational biases,
Arrokoth appears typical of CCKBOs using the
few metrics that can be directly compared.
Arrokoth’s 0.6-um geometric albedo, 0.23, is
within the known range of other CCKBOs (50).
Rotational lightcurves suggest that up to 25%
of larger CCKBOs could be contact binaries like
Arrokoth (73), though contact binaries appear
to be more abundant, up to 50%, in the Plutino
population (51). Arrokoth’s color is also typical
of CCKBOs (7, 3).

Many irregular satellites of the giant planets
may be captured KBOs, but only three have
resolved spacecraft images. Neptune’s satellite
Triton, with a diameter of 2700 km, is far too
large and active to be a useful comparison
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Fig. 7. Upper limits on possible satellites of Arrokoth. Excluded regions are plotted as a function of
radius from the primary center of mass. The limits assume a satellite with photometric properties similar to
those of Arrokoth itself. Gravitationally bound objects must lie within the Hill radius (dashed line), which is
calculated assuming Arrokoth has a density of 500 kg m™>.
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body to Arrokoth. Neptune’s smaller irregular
satellite Nereid, 170 km in diameter, has a
geometric albedo of 0.16 to 0.20, similar to
Arrokoth’s, but is neutral in color (52). Saturn’s
210-km-diameter irregular satellite Phoebe
[possibly a captured Kuiper Belt object (53),
though perhaps instead a captured C-type
asteroid (54, 55)], is darker [geometric albedo
0.08 (56)] and less red (57), and has a com-
pletely different surface appearance, dominated
entirely by impact features (58). If Phoebe ever
resembled Arrokoth, it has been drastically al-
tered by subsequent evolution.

Comparison to Jupiter family comets

A class of objects previously explored by space-
craft that may be analogous to Arrokoth in
ultimate origin are the Jupiter family comets
(JFCs). These differ from Arrokoth in three
major respects: (i) Provenance: The vast ma-
jority of these bodies likely originated in the
Kuiper belt, but from a different family of KBOs:
the population of “scattered KBOs,” which likely
originated closer to the Sun than Arrokoth, and
whose orbits are strongly perturbed by gravita-
tional interactions with Neptune (59). (ii) Size:
The effective spherical diameters of the JFC
nuclei visited by spacecraft are 3 to 18 times
smaller than that of Arrokoth. (iii) Thermal
history: JFCs have experienced intense solar
heating, which has heavily modified their sur-
faces. By comparing the properties of Arrokoth
and JFC nuclei, we can explore the effects of
these differences.

The JFC nuclei visited by spacecraft have
diverse shapes and surfaces (Fig. 8, fig. S3,
and table S3). Comets 19P, 67P, and 103P ap-
pear to be highly elongated bilobate objects,
suggesting the merger of two distinct bodies,
as has been proposed for Arrokoth (1, 18),
though for comets it is also possible that
thermal evolution has generated this shape
[e.g., (60)]. Except for 67P, whose bulk density
is 538 =+ 1 kg m™® (I6), the densities of the
other JFC nuclei are uncertain by a factor of 2 or
more, but all are consistent with ~500 kg m™
(61), which implies average bulk porosities of
~50 to 80%. Arrokoth’s density is likely greater
than 290 kg m ™ (see above), and thus at least
consistent with those of JFC nuclei. The ro-
tation period of Arrokoth is similar to those
measured for 67P and 103P and falls well
within the range measured for the JFC pop-
ulation (62), though JFC rotation is known to
be affected by cometary activity (63).

The JFC nuclei listed in table S3 are much
darker than Arrokoth, with ~3 to 5 times
smaller geometric albedos. If the JFC nuclei
once had higher albedos in their nascent state
in the Kuiper belt, then the darkening of their
surfaces might be associated with cometary
activity while the JFCs are in the inner Solar
System. Most surface features on JFC nuclei
have been attributed to cometary activity [e.g.,
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(64, 65)]. Generally, the surfaces of JFC nuclei
can be divided into “smooth” and “rough” (or
“mottled”) regions, with the rough terrains
associated with a preponderance of pits and
depressions or mounds and hills (66, 67). The
smooth regions of JFCs are generally brighter
than average and are often associated with
topographic lows, suggesting accumulation by
small grains that scatter light more efficiently
than the average surface, as we proposed for
Arrokoth above. However, on comets, the fall-
back of grains ejected by sublimation is likely
to contribute to smooth terrains (68), and this
is less likely to be important on Arrokoth where
evidence for sublimation erosion is limited to
the pit chains of possible sublimation origin,
and tentative evidence for scarp retreat on the
small lobe, as mentioned above.

Whereas the large (multikilometer) scale
bilobate morphology of Arrokoth is similar
to that of four out of the six comets listed in
table S3 (see also Fig. 8 and fig. S3), the finer
surface textures are not. JFCs imaged at the
same resolution as Arrokoth show fewer im-
pact craters than Arrokoth (64), consistent with
these comets having highly erosional surfaces.
They may lose their surfaces at ~0.5 to 1.0 m

67P/CG
Rosetta

9P/Tempel
Stardust NExT

2 km

Fig. 8. Comparison of JFC nuclei to Arrokoth. The images of JFC nuclei
have phase angles similar to those of the highest-resolution image of
Arrokoth, except for 103P, which was only observed at much higher phase
angles. (A) Rosetta image of 67P/Churyumov-Gerasimenko (73). (B) New
Horizons image of Arrokoth (this paper). (C) Extrasolar Planet Observation
and Characterization-Deep Impact Extended Investigation (EPOXI) image of
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OSIRIS NAC
6.0 m/pix

per orbit (69) with 5- to 10-year orbital periods,
so small pits will be removed within a few
thousand years. They also show a much rougher
surface texture at the 50- to 100-m scale, con-
sistent with sublimation erosion and loss of
most of the erosional debris.

Conclusions

Our dataset from the New Horizons flyby of
Arrokoth provides a more complete picture of
the physical nature of this object. Images taken
on approach show that although both compo-
nents of Arrokoth are flattened, the flattening
is less extreme than initially inferred (7), and
the two components have a larger volume ra-
tio, 1.9 + 0.5, than previous estimates. Stereo
topography and the highest-resolution imag-
ing taken during the flyby show that the large
lobe is very flat on the encounter hemisphere.
If the large lobe is composed of multiple com-
ponents that accreted separately, as previously
proposed (1), the topographic signature of the
boundaries between the components would
be expected to be large initially, if the subunits
were mechanically similar to the two present
lobes at the time of their coming into contact
(18). The observed flatness of the large lobe

LORRI
33 m/pix
¢ =33°

Arrokoth
New Horizons

2 km

NavCam
15 m/pix
¢ =40°

81P/Wild
Stardust

D

28 February 2020

103P/Hartley
EPOXI

19P/Borrelly
Deep Space 1

shows that any such discontinuities have been
subdued, and in some cases, eliminated en-
tirely. If subsequent deposition subdued the
boundaries, postdepositional processes must
be invoked to explain why many of the bound-
aries are still visible as differences in surface
texture or as linear albedo features. Alterna-
tively, the large lobe may be a monolithic
body, and the apparent division into subunits
may be due entirely to secondary processes.
Multiple processes, including impacts, have
reworked the surfaces of both lobes after
their formation, producing the fissures, small
dark hills, and sinuous albedo boundaries seen
in the images.

Crater densities on Arrokoth are low but
consistent with a surface age of >4 Ga, owing
to the expected low cratering rates in the
CCKB, even if only craters with the highest
confidence of being impact features are in-
cluded in the counts. This dates the surface as
plausibly from the end of Solar System accretion.
Crater size-frequency distribution slopes for
<1-km craters on Arrokoth are poorly con-
strained, but are consistent with the slopes
seen for 2- to 15-km craters in the Pluto system
(39), suggesting that the shallow size-frequency

MRI
8.1 m/pix
¢ =79°

MICAS
47 ml/pix
¢ =52°

L o

Aig

2 km

103P/Hartley (74). (D) Stardust image of 9P/Tempel (75). (E) Stardust image
of 81P/Wild (76). (F) Deep Space 1 image of 19P/Borrelly (77, 78). [Credit:
NASA/JPL] Each frame is scaled so that the body nearly fills it, with the true
relative sizes of each body indicated by the scale bars. Arrokoth is much
larger than these comets. Figure S3 shows the equivalent images scaled to
the same linear resolutions.
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distribution for 0.2- to 2-km-diameter KBO
impactors (39) may persist down to smaller
sizes.

Arrokoth is unlike other small bodies visited

by spacecraft. The surfaces of comets are dom-
inated by volatile loss and sublimation erosion
driven by the thermal energy inputs, owing to
their position in the inner Solar System. The
surfaces of asteroids are dominated by high-
energy impacts. As a result, asteroid surfaces
are primarily rubble or impact ejecta. In both
cases, the dominant energy environment (ther-
mal and impact) is driving the surface mor-
phology. Arrokoth’s surface is probably a
consequence of its presence in the CCKB,
where there is much less energy input. The
very small relative velocities in this dynami-
cal population result in few impacts, and those
that do occur have very slow impact velocities.
Without strong energy inputs, either from
solar radiation or impacts, we expect the sur-
face of Arrokoth to be dominated by low-level
energy inputs from interstellar, solar, and
micrometeorite energy sources at slow rates,
likely extending to just a few meters’ depth
(27). It is this low-energy environment that
has allowed its surface to be preserved for
4 billion years.

Arrokoth appears to be a typical CCKBO, to

the extent that we can compare it to others, so
it can be used to understand the cold classical
belt as a whole. The bilobed nature of Arrokoth
might be common in the Kuiper Belt and could
indicate that the bilobed shape of many com-
et nuclei is a primordial feature. In addition,
Arrokoth appears to be a direct product of
accretion rather than a collisional fragment
and is much smaller than the ~100-km diameter
of the break in slope of the size-frequency
distribution of CCKBOs (6, 70). These facts
are consistent with the break in slope being a
primordial feature, as predicted by streaming
instability models (77). Arrokoth’s appearance
is much less consistent with the break in slope
being a result of later destruction of small
CCKBOs by collisions, a hypothesis also in-
consistent with the observed deficit of small
craters in the Pluto system (39).
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Examining Arrokoth

The New Horizons spacecraft flew past the Kuiper Belt object (486958) Arrokoth (also known as 2014 MUgg) in
January 2019. Because of the great distance to the outer Solar System and limited bandwidth, it will take until late 2020
to downlink all the spacecraft's observations back to Earth. Three papers in this issue analyze recently downlinked data,
including the highest-resolution images taken during the encounter (see the Perspective by Jewitt). Spencer et al.
examined Arrokoth's geology and geophysics using stereo imaging, dated the surface using impact craters, and
produced a geomorphological map. Grundy et al. investigated the composition of the surface using color imaging and
spectroscopic data and assessed Arrokoth's thermal emission using microwave radiometry. McKinnon et al. used
simulations to determine how Arrokoth formed: Two gravitationally bound objects gently spiraled together during the
formation of the Solar System. Together, these papers determine the age, composition, and formation process of the
most pristine object yet visited by a spacecraft.

Science, this issue p. eaay3999, p. eaay3705, p. eaay6620; see also p. 980
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