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Materials and Methods

Image Processing

Each set of LORRI images of Arrokoth consists of multiple consecutive frames. In the case
of the closest approach (“CA”) image sets (Table S1), the images were taken during
simultaneous scans by the Ralph instrument, and thus include some motion smear. For each
image set, frames are registered by shifting, scaling, and rotating as necessary, and are stacked to
improve the SNR. This stacking process removes features such as image defects and
background stars, which are not present at the same location relative to Arrokoth in every frame.
Finally, images are deconvolved to remove much of the LORRI point-spread function, and also
to remove motion smear in the case of the CA image sets, to produce the final images used for
analysis.
Construction of Stereo Models

Three sets of LORRI images, CA04, CA0S5, and CA06 (Table S1) provide the highest-
resolution stereo coverage. The CA05 / CAO06 pair has the best nominal resolution and a stereo
convergence angle of 17°. However, the CA04 / CA06 pair (Fig. 1A) provides better stereo
because, in addition to a slightly larger convergence angle (almost 20°), CA04 has a much longer
effective exposure time (thus better SNR), and also lower smear, than CAOS5 (Table S1). We
used the Ames Stereo Pipeline (80,81) on the stacked, deconvolved products from the CA04 &
CAO06 observations to derive a stereographic terrain model of the surface of Arrokoth. An
iterative closest point algorithm (82,83) was used to rigidly rotate and translate the stereo model
surface to match the -Z facing surface of the global shape model, though the required rotation
was < (.5°
Geomorphological Mapping of Arrokoth

Constructing a planetary geomorphological map derived solely from images acquired above
the study area involves defining and characterizing discrete material units based primarily on the
surface morphology, texture, albedo, and color as seen at the pixel scale, which are physical
attributes that are related to the geologic processes that produced them. Along with visible
structural features, the distributions of these units are then mapped to identify the relative roles of
different geological processes that shape planetary surfaces. We have followed standard US
Geological Survey mapping protocol (84) when creating our geomorphological map of Arrokoth
(Fig. 1C), although applying the principles of mapping to it can be challenging, primarily
because our highest resolution observations of the target (138 to 33 m pixel!") were only obtained
at relatively low phase angles (12.9° to 32.5°). Outside a narrow strip near the terminator, the
low phase angle hinders assessment of topography at a scale of hundreds of meters based on
surface shading. In addition, the consistently low phase of the approach imaging generates
uncertainty regarding how much of the observed surface heterogeneity across Arrokoth is due to
intrinsic geological variation, or is a consequence of variable illumination of a limited range of
geomorphological units. We have created a geomorphological, rather than a geological map, i.e.
the units that we have defined for Arrokoth have been inferred from what appear to be distinct
physiographic components of the two lobes, but the map is not intended to rigorously convey
stratigraphic relations between units. Stratigraphic organization of the units would require
application of the rules of superposition and crosscutting, which we do not consider to be
feasible given the limitations of available data and inherent ambiguities associated with its
interpretation. Instead, the map is intended to reduce the complexity of Arrokoth’s surface to
comprehensible proportions that are more amenable to the development of hypotheses for the
formation and evolution of Arrokoth.




On the large lobe, which shows less overall albedo variation but more limb topographic
amplitude than the small lobe, the boundaries of the individual sub-units that compose the lobe
have been defined based largely on topographic expression in the LORRI CA06 33 m pixel!
imaging, and in stereo imaging (e.g. comparing LORRI CA04 and CA06 in Fig. 1A). High solar
incidence angles near the terminator make troughs and scarps separating sub-units visible in this
region (including those separating units tq, tb, tc, and sm). In contrast, the boundary of unit 7g,
located on the limb of the large lobe, is inferred not based on shading due to topography, but due
to it being ringed by bright material (unit bm), which we interpret to be loosely-consolidated
material that has collected in depressions across Arrokoth, particularly at the neck connecting the
two lobes. Stereo imaging is necessary for the identification of unit ¢f as a separate unit, as its
apparent position can be seen to move relative to unit fe between LORRI CA04 and CA06.
While albedo variation across the large lobe is less than on the small lobe, some units are
distinguished by their albedo characteristics, such as units ¢a, fc, and ¢d, which appear lighter-
toned than the neighboring units of te, ¢th, and sm, despite these latter units being illuminated at
lower solar incidence angles. Unit #g is distinguished from unit fe by the partial stretch of bright
material that exists between them, and because unit zg displays a surface pattern characterized by
albedo contrasts on a scale of hundreds of meters, whereas unit fe appears dark and
homogeneous at this scale. The boundary between units sm and t4 is located in the center of the
face of the large lobe, far from the terminator and the limb, and there is no apparent topographic
discontinuity associated with it. Instead, a tentative contact has been defined based on the
differing textures presented by these units (unit 2 shows greater albedo contrast than unit sm) as
well as the presence of a portion of the bright annulus that separates them, although we have
identified locations where some darker elements of unit ¢4, apparently hills, extend across the
annulus. We treat the distinct physiographic units on the large lobe as individual
geomorphological units, although it is possible that they are in fact all topographic expressions of
the same unit.

On the small lobe, units are defined primarily according to the different albedos and
planforms they present; any topographic signatures associated with them are much less apparent
when compared with those of sub-units under similar lighting conditions on the large lobe, which
is at least in part due to the smaller scales of the small lobe’s units. The small lobe’s limb
topography, however, does indicate a break in slope that corresponds to the stretch of dark
material (unit dm) that separates units mm and rm, and suggests that unit mm occupies a local
high, whereas unit »m occupies a local low. This topographic discontinuity is an important factor
in the decision to map these areas as separate units: whereas unit »m displays a pitted surface and
unit mm does not, the two units cannot be mapped separately based on this criterion alone, as we
cannot rule out that variable illumination has played a role in contributing to their different
appearances, given the more oblique lighting of unit rm.

These examples demonstrate how we considered every aspect of available imaging (in
particular stereo parallax, surface shading at low and high solar incidence angles, and limb
topography to identify discrete geomorphological units given the limited data available.

The R Value Measure of Crater Densities

The R value plotted on Fig. 6B is constructed from a differential power law size-frequency
distribution of crater diameters (dN/dD « D7) normalized by a D distribution, where N is the
crater spatial density and D is the diameter. The power law exponent (g) is commonly referred
to as the distribution log-log slope. In this visualization, a crater size-frequency distribution




with a slope g of -3 appears as a horizontal line, allowing differences from the common D3
distribution to be easily seen.
Crater Identification and Classification

Feature size measurements were carried out on the original deconvolved CA06 LORRI
image (Fig 1A). As no projection was used, the crater sizes were measured in pixels and
converted to approximate sizes using the pixel scale of 33 m px™!. We measured the most
representative diameter of a feature (e.g., measuring the long axis of obliquely viewed features to
avoid foreshortening where possible). The size for the crater Maryland is an average of 6
chords. Some features have more distinct boundaries than others. For interpreting crater
diameters given here, we use a diameter uncertainty, tabulated in Data S3, of 2 pixels or 20% of
the crater diameter, whichever is larger for a given feature (i.e., for feature diameters above 10
pixels, or ~330 m, we use 20%).

Data S3 includes the crater sizes and subgroup designations for each feature considered for
crater analysis and shown in Fig. 6A. Some features were determined to have a low likelihood
of being either fresh or modified impact craters, and thus are not included in any subgroup
plotted in Fig. 6B. The descriptions for each subset are:

e The A High (Arrokoth high confidence) subgroup includes only features 0.34 km (~10
pixels) or larger in diameter, only fairly circular features, and features with the
topography expected of impact craters. This subset includes a few features that are
more subtle or shallow than the deepest probable craters on Arrokoth, but they are all
close to the terminator where the low sun angle makes clear their likely identification as
impact craters.

e The A Medium (Arrokoth medium confidence) subgroup includes smaller and/or less
circular features. It includes 4 features less than 0.34 km in diameter, from ~0.23 — 0.27
km across.

e The A Low (Arrokoth low confidence) subgroup includes features that are depressions
or bright spots but considerably less circular, and features in a chain that may be
associated with a tectonic feature (at a subunit boundary). It includes 6 features less
than 0.34 km in diameter, from ~0.19 — 0.28 km across.

e The LL Bright (Large lobe bright spot) subgroup, designed to give an approximation of
a maximum density, includes: all A High, A Medium, and A Low features larger than
0.27 km (8 pixels), that are bright, circular or sub-circular features on the sunward half
of the large lobe only (right of the solid line in Fig. 6A).

e The A Pits (Arrokoth pits) subgroup, designed to give an approximation of a maximum
density, includes all A High, A Medium, and A_Low features larger than 0.27 km,
both circular and sub-circular, and also includes few features in a chain, that are on the
anti-sunward half of the large lobe only (left of the solid line in Fig. 6A).

e The LL Term (Large lobe terminator) subgroup, designed to give an approximation of a
most likely density, includes: all A High and A Medium features larger than 0.27 km,
both circular and sub-circular, in the near-terminator region left of the dashed line on
Fig. 6A.

Additional information is in Table S2.

Details of Satellite Searches

Searches conducted to assess flyby hazards from 42 to 19 days before the flyby covered the
entire Hill sphere (~40,000 km radius assuming an Arrokoth density of 500 kg m) with a range
of total exposure times up to 1 hour. Later 2x2 and 4x4 frame image mosaics, taken from 3.3
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days to 6 hours before the flyby with 2.6 — 12 minute total exposures, covered smaller regions
with greater sensitivity. Each search consisted of 2 — 3 mosaics taken 0.6 — 2.0 hours apart, to
identify satellites by their motion relative to the dense Milky Way star background. These deep
searches overexposed Arrokoth and thus had limited sensitivity very close to it, so close
approach images exposed for Arrokoth’s surface were used to search for satellites with very
small orbital radii. Sensitivity limits were established by implanting synthetic objects into the
original images.

Supplementary Text

Expected Impact Crater Morphologies

Despite the low impact velocities, we expect most impacts on Arrokoth to form craters
similar to those seen elsewhere in the Solar System. Crater morphology varies with the impactor
and target characteristics. The low and high velocity tails of the expected impact velocity
distribution for Arrokoth reach down to a few m s! and as high as a few km s!, but the mode,
~300 m s! (5), is slow compared to primary cratering velocities on the surfaces of both icy and
rocky bodies closer to the Sun, and is more typical of secondary cratering velocities on those
bodies (85, 86). These impacts often form craters with similar morphological characteristics to
primary craters, although secondary craters are often shallower than the same size primary
impact, and may be elongated in the direction radial to the primary crater. We do not suggest
that any craters on Arrokoth are secondary craters, but secondary craters elsewhere show that
300 m s impacts are capable of creating craters on the surface of Arrokoth. The formation of a
crater on a slope or modification by later geologic processes (such as mass wasting or a
subsequent fault near the crater) may also alter the crater’s appearance.
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Fig. S1. Slopes and Gravity of Arrokoth. CA06 image of Arrokoth (A) compared to
illustrations of gravitational parameters seen from the same geometry. B and C: Geopotential
elevation for the global shape model (B) and stereo model (C). D and E: Slopes computed from

the global shape model (D) and stereo model (E), for an assumed density of 500 kg m=. Color
gives slope magnitude, and arrows give the slope direction.



Fig. S2. Craters on Arrokoth compared to those on the Martian moon Phobos. A: Our
highest resolution Arrokoth image (CA06) at 32° phase. B: An image of the Martian moon
Phobos (right, diameter = 22.5 km) from the Mars Reconnaissance Orbiter, obtained at a similar
but slightly lower phase angle (26.4°) (Credit: NASA/JPL-Caltech/University of Arizona). The
image of Phobos has been processed to match the pixel scale, smear, camera point-spread-
function, SNR, and deconvolution of our highest resolution LORRI images of Arrokoth (87).
Many more unambiguous craters can be seen across the surface of Phobos than on Arrokoth.
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Fig. S3. Images of JFC nuclei and Arrokoth at comparable pixel scale. A: Rosetta (73); B:
New Horizons (this paper); C: EPOXI (74); D and E: Stardust (75,76); F: Deep Space 1 (77).
For higher-resolution image comparisons, and additional details, see Fig. 8.



2.0

Quadrant 1, median
Quadrant 2, median
1.5

1.0

0.5

Normal I/F / 105

0.0

-0.5

0 200 400 600 800 1000
Radius, km

2.0

Quadrant 1, median
Quadrant 2, median

1.5

1.0

0.5

Normal I/F / 10-5

0.0

-0.5

0 1000 2000 3000 4000 5000 6000 7000 8000
Radius, km

Fig. S4. Non-Detection of forward-scattering rings around Arrokoth. Radial profiles of the
sky brightness, in units of I/F (7/9), as a function of distance from Arrokoth in its equatorial
plane, from MVIC images taken 1.7 — 2.3 hours after closest approach at a phase-angle of 168°.
A: The innermost region. B: The entire profile. The blue and orange curves were derived from
different quadrants of the image: the vertical offset between them is an artifact. Profiles are
binned to a radial resolution of 10.6 km. No rings or dust structures were seen, with an upper
limit I/F of ~1.5 x 10 for structures wider than about 10 km.



Table S1. Close approach LORRI images. The image set name “CAnn” refers to the n™®
observation of the close approach (C/A) sequence. CA03 and CA08, not listed here, were
radiometric, not imaging, observations.

Single- Comb-
Mid- Frame | Num- ined
Time, Resol- Expo- | ber Expo-
Image mins. Phase, | ution, sure of Co- | sure
set after | Range, | deg- km Smear, | Time, added Time,
name | Mode |C/A |km rees pixel! | pixels | sec Frames | sec
LORRI
CAO01 | 1x1 -70.6 | 61,214 11.8 ] 0.304 0.6 0.150 43 6.45
LORRI
CA02 | 1x1 -49.1 | 42,663 12.0 | 0.212 4.0 0.025 6 0.15
LORRI
CA04 | 1x1 -31.9 | 27,850 129 | 0.138 0.4 0.100 25 2.50
LORRI
CAO05 | 1x1 -18.8 | 16,680 15.7 | 0.083 4.0 0.025 6 0.15
LORRI
CA06 | 1x1 -6.5| 6,634 32.5| 0.033 4.0 0.025 6 0.15
LORRI
CAO07 | 4x4 9.4 | 8,834 | 1524 | 0.175 8.1 0.200 6 1.20
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Table S2. Feature subgroups for crater analysis. Data S3 includes the full list of craters and
sizes with classification information. The diameter range column does not include Maryland

(6.7 km diameter), which is treated separately.

Subgroup Lobe Number | Diameter | Surface Area
where of range area used | description
Present features | (km) (km?)
A High Both lobes | 10 0.34-7.16 | 700 Entire visible
A_Medium Both lobes | 17 0.24-0.64 sutace of
A Low Both lobes | 16 0.19-0.68 is 2 of the global
shape model
surface area
LL Bright Large lobe | 10 0.27-0.62 | 230 Sunward half of
only large lobe: Area
is /2 of large
lobe’s visible
surface area
LL Pits Large lobe | 15 0.27-0.77 | 230 Anti-sunward
only half of large
lobe: Area is /2
of large lobe’s
visible surface
area
LL Term Large lobe | 7 0.27-0.77 | 90 Measured from
only the shape model

for the selected
area
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Table S3. Properties of Arrokoth compared to cometary nuclei. The object IDs are listed in
the first column. The second column refers to the best fit ellipsoid dimensions, even though the
actual shape may differ significantly from an ellipsoid. The effective spherical diameters,
calculated from the best fit ellipsoidal dimensions in the second column, are presented in the
third column and provide perhaps the best single number for the size of the object. The density
for 67P is exceedingly well determined (/6) and lies roughly in the middle of the ranges
estimated for JFC nuclei. Due to the jetting force from cometary outgassing, the rotational
periods of JFC nuclei change with time, so only approximate current values are listed for them.
The JFC geometric albedos are for a wavelength of 550 nm (V-band) and are taken from (88,89),
sometimes with small corrections to transform from R-band (650 nm) to V-band using the
typical value for JFC colors as reported in (90). The geometric albedo for Arrokoth (this work) is
for a wavelength of 600 nm. The variation of reflectance across the surfaces of the JFC nuclei
and Arrokoth are comparable (+15-20% variation about the global mean value), except for 19P,
which shows a variation about twice that of the other objects, apparently associated with two
different types of terrains (78).

Ellipsoid Spherical . Rotational .
. . Density . Geometric
Object ID Axes Diameter (kg m) Period Albedo
(km) (km) 8 (hr)
Arrokoth 36 x 20 x 10 18.3 >290 15.9 0.23
9P/Tempel 7.6 x4.9 x4.6 5.6 200-600 ~41 0.056
19P/Borrelly 8.0 x3.2x3.2 4.3 290-830 ~25 0.065
67P/Churyumov- | 4 5, 6% 21 | 29 538+ 1 ~12 0.058
Gerasimenko

81P/Wild 5.5x4.0x33 4.2 - - 0.059
103P/Hartley 2.2x0.5x0.5 0.92 200-400 ~18 0.045
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Additional Data S1 (Separate file)

Stereo shape model of the surface of Arrokoth that was visible to New Horizons near closest
approach, derived from the CA04 and CA06 LORRI images.

Additional Data S2 (Separate file)
Global shape model of Arrokoth, obtained from the complete set of LORRI images.

Data S3 (Separate file)

This table lists the identification numbers for the craters and pits shown in Fig. 6A, their
diameters, diameter uncertainties, and the confidence classes and geographical groupings
assigned to each.
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