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ABSTRACT

The 2015 New Horizons flyby through the Pluto system produced the first high-resolution topographic maps of Pluto and Charon, the most distant objects so mapped.
Global integrated mosaics of the illuminated surface of Pluto's large icy moon Charon have been produced using both framing camera and line scan camera data
(including four-color images at up to 1.47 km pixel scales), showing the best resolution data at all areas of the surface. Digital elevation models (DEMs) with vertical
precisions of up to ~0.1 km were constructed for ~40% of Charon using stereo imagery. Local radii estimates for the surface were also determined from the
cartographic control network solution for the LORRI framing camera data, which validate the stereo solutions. Charon is moderately cratered, the largest of which is
~250-km across and ~6km deep. Charon has a topographic range over the observed hemisphere from lowest to highest of ~19 km, the largest topographic
amplitude of any mid-sized icy body (including Ceres) other than Iapetus. Unlike Saturn's icy moons whose topographic signature is dominated by global relaxation
of topography and subsequent impact cratering, large-scale tectonics and regional resurfacing dominate Charon's topography. Most of Charon's encounter hemisphere
north of the equator (Oz Terra) is broken into large polygonal blocks by a network of wide troughs with typically 3-6 km relief; the deepest of these occur near the
illuminated pole and are up to 13 km deep with respect to the global mean radius, the deepest known surfaces on Charon. The edge of this terrain is defined by large
tilted blocks sloping ~ 5° or so, the crests of which rise to 5 or 6 km above Charon mean, the highest known points on Charon. The southern resurfaced plains, Vulcan
Planitia, consist of rolling plains, locally fractured and pitted, that are depressed ~ 1 km below the mean elevation of the disrupted northern terrains of Oz Terra that
comprise much of the northern hemisphere (but ~2-2.5km below the surfaces of the blocks themselves). These plains roll downward gently to the south with a
topographic range of ~5km. The outer margins of Vulcan Planitia along the boundary with Oz Terra form a 2-3-km-deep trough, suggesting viscous flow along the
outer margins. Isolated massifs 2-4 km high, also flanked by annular moats, lie within the planitia itself. The plains may be formed from volcanic resurfacing of
cryogenic fluids, but the tilted blocks along the outer margins and the isolated and tilted massifs within Vulcan Planitia also suggest that much of Charon has been
broken into large blocks, some of which have been rotated and some of which have foundered into Charon's upper “mantle”, now exposed as Vulcan Planitia, a
history that may be most similar to the disrupted terrains of Ariel.

1. Introduction of this report. Charon is comparable in size, density and bulk compo-
sition to the 11 classical mid-sized satellites of Saturn and Uranus,

The New Horizons spacecraft passed through the Pluto system on 14 which are dominated by mixed ice and rock composition. These include
July 2015, and executed a series of observations designed to map the Mimas, Enceladus, Dione, Tethys, Rhea, Iapetus, Miranda, Ariel, Um-
composition, surface morphology, and topography of both Pluto and its briel, Titania and Oberon. These bodies exhibit a rich variety of geo-

largest moon, Charon (Stern et al., 2015; Moore et al., 2016), the topic logic processes (e.g., Croft and Soderblom, 1991; Schenk et al., 2018a)
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Fig. 1. Global image mosaic of Charon, produced at 300 m/pixel. Dark areas were unilluminated during the 2015 encounter. The encounter hemisphere is in map
center, with approach imaging to the left starting at ~60 km/pixel resolution and increasing in quality to the west (left). Global cylindrical map from —180°
to + 180°E is centered on 0° longitude. The color version of this mosaic uses MVIC 875, 625, and 475 nanometers filter images. Global 4-color mosaic of Charon at
300 m/pixel. MVIC filters used here are centered on 875, 625, and 475 nanometers, displayed in the red, green, and blue color channels, respectively. Dark areas
were unilluminated during the 2015 encounter. The encounter hemisphere is in map center, with approach imaging to the left starting at ~60 km/pixel resolution
and increasing in quality to the west (left). Global cylindrical map from —180° to + 180°E is centered on 0° longitude. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

from tectonic fracturing to volcanic resurfacing by several possible ice
phases as well as a variety of exogenic alteration processes. These icy
bodies formed and evolved in close proximity to large planetary bodies,
which have influenced their geology through tidal heating and de-
formation (Collins et al., 2010). Hence there was considerable interest
in how Charon evolved being a satellite of a much smaller planetary
body, namely Pluto.

Charon is also very similar in size and density to the ice-rich solar-
orbiting dwarf planet Ceres (e.g., Buczkowski et al., 2016), and both
bodies appear to have ammonia-enriched surface (and likely internal)
compositions (e.g., Grundy et al., 2016a; Dalle Ore et al., 2018; Cook
et al., 2018; De Sanctis et al., 2016). While Ceres (like Charon) has
likely been in solar orbit for some time, its unusual surface composition
has led to speculation that Ceres is a possible escapee of the Kuiper Belt
(McKinnon, 2012) [or the Jupiter-Saturn region (J. Castillo-Rogez, pers.
comm.)] and a possible cousin to Pluto or Charon.

As a class, impact and other geologic processes on the icy mid-sized
bodies also occur under lower surface gravity and (usually) lower heat
budgets than typically observed on the larger icy moons such as
Ganymede, Europa, and Triton, or on Pluto, and as such Pluto is dis-
cussed in a separate report (Schenk et al., 2018b). Happily, Charon
proved to be a geologically complex world disrupted by tectonism and
volcanism (Moore et al., 2016; Beyer et al., 2017; Robbins et al., 2017).
Here, using cartographic and topographic mapping products from New
Horizons we document and describe the regional and global topo-
graphic characteristics of Charon, and compare them with other si-
milar-sized icy bodies.

2. Cartographic mapping
2.1. Global mapping coverage and base map production

The New Horizons mapping strategies for Charon were essentially
the same in character as those for Pluto (Schenk et al., 2018b), leading
to the production of similar mapping data sets for the two bodies. Here
we summarize those mapping strategies and data sets for Charon but
refer the reader to the Pluto report for technical details. The

cartographic and stereo imaging campaign was conducted by the Long-
Range Reconnaissance Imager (LORRI, Cheng et al., 2008) and the
Multi-spectral Visible Imaging Camera (MVIC) on the Ralph instrument
(Reuter et al., 2008), supplemented by LEISA multispectral mapping
(e.g., Grundy et al., 2016a; Dalle Ore et al., 2018), with the best
mapping and stereo imaging on the illuminated Pluto-facing hemi-
sphere of Charon (Figs. 1-4).

We define longitude and latitude on Charon according to the right
hand rule and follow the recommendations of Zangari (2015). Charon's
positive pole is defined by Archinal et al. (2011a, b) and points in the
direction of the angular momentum vector. Charon's prime or 0° mer-
idian is the sub-Pluto longitude. Consequently, an observer at infinity
who sees Pluto at a sub-observer longitude of 180°, will see a sub-ob-
server longitude of 0° on Charon (and thus New Horizons imaged the
anti-Charon hemisphere of Pluto and the sub-Pluto hemisphere of
Charon). Informally, we refer to the positive pole direction as “North,”
and to the direction of increasing longitude as “East”.

During approach, LORRI imaging of Charon (and Pluto) was ac-
quired approximately every 15° of longitude during the last Pluto/
Charon day (6.4 Earth days) before encounter, thereby providing con-
tinuous longitudinal mapping (Fig. 1). Pixel scales improved toward the
west from ~35 to 0.15km/pixel as Charon rotated under the ap-
proaching spacecraft (Fig. 2a). Terrains south of —38° were in darkness
due to polar obliquity at the time of encounter. In order to produce a
global map of Charon with minimal viewing angle distortions and best
resolution at each point on the surface, all imaging data at emission
angles > 75° (and >70° for low resolution images) and all data at in-
cidence angles > 88° (and >85° for low resolution images) were re-
moved (Fig. 2¢c, d). The resulting global map product shows the illu-
minated surface of Charon North of —35° latitude. The global Charon
base map (Fig. 1) and topographic DEM (Fig. 3) were constructed in the
same manner and using the same parameters as for Pluto (Schenk et al.,
2018b) except that the encounter hemisphere mapping area data are
approximately a factor of two lower in resolution due to the greater
distance of Charon at closest approach. The best hemispheric MVIC
scan was at ~0.6 km/pixel, and the highest resolution LORRI 5 x 1
mosaic along the center of the hemisphere was at ~0.15km/pixel
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Fig. 2. Global maps illustrating the pixel scale, phase angle, incidence angle, emission angle associated with the panchromatic base map of Charon in Fig. 1. Global

cylindrical map from —180° to +180°E is centered on 0° longitude.

(both part of the C_ MVIC_LORRI_CA observation).

The default pixel scales of the Charon base maps were chosen to be
0.3 km; the best ~0.15 km/pixel LORRI 5 X 1 mosaic strip was small in
area and also noisier than most other images due to short exposure
times and this image strip was smoothed to an effective resolution of
0.3 km/pixel for mapping purposes. Images used for mapping in the
non-encounter hemisphere were obtained with LORRI. The LORRI point
spread function has a full width at half maximum (FWHM) of
~ 2 pixels, which meets its specifications (Cheng et al., 2008), but can
cause slight but noticeable blurring. This can be improved through Lucy
(1974) - Richardson (1972) deconvolution, and the LORRI images for
this hemisphere were processed in this way in order to improve
sharpness.

2.2. Control network for Charon

Accurate positional referencing of surface features and derivation of
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topography on Charon from stereo images requires precision knowl-
edge of camera pointing and spacecraft position. Spacecraft position
data were supplied by the New Horizons navigation team (https://naif.
jpl.nasa.gov/pub/naif/pds/data/nh-j_p_ss-spice-6-v1.0/nhsp_1000/).
Camera pointing information (SPICE kernels after Acton et al., 2011)
were updated by PS and RB for the entire New Horizons image library
over the final Charon 6.4-day rotation approach phase, as they were for
Pluto. Cartographic control utilized Integrated Software for Imagers
and Spectrometers (ISIS3) software (USGS, 2017). The method requires
selection of tie points linking overlapping resolvable images at nu-
merous points on the surface, and then performing bundle adjustment
(via the ISIS jigsaw program) to the camera pointing vectors for all
images to minimize the differences in the computed surface coordinates
for all images associated with each tie point in the control network, in
images where each point can be resolved.

As on Pluto, existing ISIS software did not permit the use of framing
camera images (LORRI) and line-scan (MVIC) images in the same
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Fig. 2. (continued)

bundle adjustment solution, and so we implemented a “two-solution”
control network strategy. For the purpose of producing a carto-
graphically reliable base map and stereogrammetric DEMs of high
geometric fidelity, we used only LORRI framing camera images in the
official final global control network, as the camera distortion model in
ISIS is correct and reliable (Schenk et al., 2018b). (As at Pluto, the MVIC
images were controlled separately, using tie points fixed to a LORRI-
only base map.) The control network solution in the jigsaw program
allows for the solution of the radii of each point, relative to the center of
Charon. A total of 790 tie points have been mapped to date (Fig. 5) at
variable density across the surface. Most of these were on the encounter
hemisphere due to the greater frequency of high-resolution imaging
observations.

For all observed locations on the surface, the best images until a few
hours before closest approach were obtained by the framing camera at
scales of 0.8-32km/pixel, while a combination of LORRI and MVIC
images provide the best resolution of the encounter hemisphere. All
LORRI images in the final 6.4 day period form the basis of the carto-
graphic control network. No post-encounter images were useful for

mapping due to the very high phase angles of > 150°. The key MVIC
scans for cartographic and stereo mapping for Charon are the 1.43 km
resolution 4-color scan (C_.COLOR2) (using the 650-nm “red” channel
for stereo, which has the best signal-to-noise), and the 625-m resolution
closest approach panchromatic scan (C_MVIC_LORRI_CA), which were
used together or in combination with LORRI images.

As on Pluto, the overlap of low-resolution images from one Charon
rotation before closest approach (at ~15-32km/pixel) with high-re-
solution images at closest approach (at 0.15-1.43 km/pixel) makes the
correlation of tie points between the low- and high-resolution data sets
rather difficult. In the low-resolution approach images one Charon day
earlier, tie point quality standards were necessarily lower in order to
accumulate sufficient points to register the images and integrate the
network around the full 360° of longitude. Definable high-contrast
features are uncommon in the approach images, and craters are nearly
impossible to identify, except for those with diffuse bright ray patterns.
Hence we rely on bright spots and other ‘fuzzy’ albedo features. An
iterative approach was employed to arrive at a satisfactory control so-
lution, in which the validity of the control network was checked by
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Fig. 3. Global digital elevation model (DEM) of Charon. Dark areas were illuminated or do not have resolvable stereogram metric data from the New Horizons 2015
data set. Global cylindrical map from —180° to +180°E is centered on 0° longitude.
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longitude.

map-projection of each observation, blink comparison of overlapping
maps to identify misalignment, and adjustment of tie points as needed.
The resulting solution is examined and all points with high solution
errors are either corrected or deleted from the network. This process is
repeated until the team is satisfied that all erroneous or poorly defined
points are removed and all images were aligned. The resulting updated
camera vectors for the resolved Charon images form the basis of the
cartographic control network, and can be obtained from the authors (PS
or RB) and will be archived in the near future.

3. Topographic mapping of Charon

The most comprehensive topographic data for Pluto and Charon
come from two main sources: bundle adjustments of the control net-
work solution for the determination of radii at each point (Fig. 5; de-
scribed above); and DEM production from stereogrammetric analysis of
New Horizons stereo images (Fig. 3). Supplemental topographic data
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from limb profiles, shadow length measurements, and shape-from-
shading will be addressed in a future report.

3.1. Tie point radii

As described above, tie point locations can also be solved for the
radius of each point (Fig. 5), if sufficient parallax is associated with the
point. The resolution of approach phase imaging is too poor to resolve
highs and lows and obtain robust radii for those points. Certainly, no
major topographic deviations are resolved in the approach hemisphere
of Pluto, either in the tie point radii map or in shading or shadows along
the terminator of the images that were acquired every ~15° of long-
itude.

In the high-resolution mapping areas of Charon, nearly all of the tie
points contained sufficient parallax to estimate their radii. In this map
(Fig. 5), the major topographic features described below are all ob-
served, as special effort was made to accumulate a density of points
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Table 1
Stereo Observations of Charon.

Right Image Resolution (m) DEM Vertical Precision (m) Stereo Parallax Angle

Left Image Right Image Left Image Resolution (m)
PELR_C_LORRI PEMV_01_C_COLOR_2 875
PELR_C_LEISA_LORRI_1 PELR_C_LEISA_HIRES 700

PELR_C_LORRI PELR_C_LEISA_HIRES 875
PELR_C_LEISA_LORRI_1 PELR_C_MVIC_LORRI_CA 700

PEMV_01_C_COLOR_2 PEMV_01_C_MVIC_LORRI_CA 1425
PELR_C_LEISA_HIRES PELR_C_MVIC_LORRI_CA 415

1425 1410 11.6
415 1140 7
415 875 8.5
150 400 53
615 360 43
150 100 46

Fig. 6. Map of slopes on Charon. Global cylindrical map from —180°E to + 180°E centered on 0° longitude for clarity.

across the hemisphere sufficient to resolve them. Within the limits of
the tie point technique, this radii map is indistinguishable from the
stereo results described below.

3.2. Stereogrammetry

Multiple useful stereo combinations are possible from the New
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Horizons imaging data, permitting construction of topographic DEMs
(digital elevation models) of the surface capable of resolving features
with nominal vertical precision of as good as ~100 m in height in the
center of the encounter hemisphere, and 400 to ~1000 m elsewhere
(Fig. 4). The precisions quoted in Table 1 for each stereo pair are es-
timated using the formulation of Cook et al. (1996) and are approx-
imate. The ability of stereogrammetry software to achieve these levels
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Fig. 7. Point perspective view of global image mosaic (a) and DEM elevation map (b) showing encounter hemisphere of Charon centered on Dorothy impact basin.
Maps show topography and highlight many of Charon's major geologic and topographic features, including the large deep basin Dorothy. Disrupted highlands are at
left, Vulcan Planitia at bottom, and deep polar troughs at top, with the dark regions of Mordor Macula at upper center. (c) Profile across Dorothy crater showing deep

bowl and central peak.

of precisions has been demonstrated on other planetary bodies (e.g.,
Schenk and Bulmer, 1998; Schenk and Pappalardo, 2004; Schenk and
McKinnon, 2009a, b). A total of 6 regional DEMs with a range of
characteristic vertical precisions were constructed from the best stereo
combinations (Table 1), which were then integrated into a final topo-
graphic map (Fig. 3) covering ~45% of Charon's surface.

To derive elevations over large areas using stereo imaging we use
digital stereogrammetry mapping tools (e.g., Schenk and Bulmer, 1998;
Schenk and Pappalardo, 2004) designed at the Lunar & Planetary
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Institute from ISIS code for use on Voyager, Galileo, and Cassini images
of icy bodies, and used for Pluto (Schenk et al., 2018b). Like other si-
milar stereogrammetric tools, the process involves sampling each point
in the stereo image pair using areal scene recognition algorithms. Ty-
pically these use 5 x 5 pixel patches centered on each pixel in the map.
The scene recognition searches for the best match to this patch in the
second image and derives the parallax from the shift in position of the
best match, from which elevation is computed using standard parallax
equations. While distributed noise is typically inherent to scene-
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Fig. 8. Depth/diameter data for freshest complex craters on Charon (large black
squares). Dark lines through data are best fit. Small circles with line are data for
Pluto, showing that craters are deeper on Charon, as expected for gravity
scaling of complex crater dimensions.

matching base stereogrammetry solutions, the quality of the DEM data
sets for Charon is remarkably good, the noisiest areas being toward the
north and west where stereo parallax and image resolution were lower
and solar elevation was higher, muting morphologic details (Fig. 3). No
stereogrammetric mapping was possible in the low-resolution portions
of the approach hemisphere.

The quality of stereogrammetric mapping parameters and resulting
integrated DEM for Charon (Fig. 4; Table 1) depending on the stereo
sequences used. Due to the nested nature of the LORRI mapping cov-
erage, horizontal and vertical precision of resulting DEMs are best along
the central section of the encounter hemisphere, decreasing in quality
to the east and west of the LORRI high-resolution mosaic. Best vertical
precisions are as good as 100 m in the central section with post-spacing
(DEM pixels) as good as < 1km (Table 1).

DEMs of Pluto revealed wave-like ‘rumpling’ of the topography
parallel to the scan lines in the original MVIC images (Schenk et al.,
2018b). The distortions are typical of terrain models created from line-
scan images obtained from a moving platform where camera-pointing
vectors are required for each line. While on the order of 500 m in
amplitude, these rumples tend to be subtle, and in the rugged terrains of
Charon are visually difficult to detect. In contrast to Pluto, we have
geometrically reliable LORRI-to-LORRI stereo over Charon's encounter
hemisphere. The highest resolution MVIC-MVIC stereo combination
(Table 1) is noticeably distorted with respect to the LORRI solution and
this warping or “rumpling” in MVIC-based DEMs was removed before
the DEMs were integrated to produce the global product (Fig. 3), as
detailed in Schenk et al (2018b).

Both the global mosaic and topographic map are available now at
the PDS Cartography and Imaging Sciences Node (IMG) Annex: the
panchromatic global mosaic in Fig. 1 is available at https://
astrogeology.usgs.gov/search/map/Charon/NewHorizons/Charon_
NewHorizons_Global Mosaic_300m_Jul2017 and the global terrain
model is available at https://astrogeology.usgs.gov/search/map/
Charon/NewHorizons/Charon_NewHorizons_Global_ DEM_300m_
Jul2017. Additionally, all of the data products described in this
manuscript have been submitted for long-term archiving as part of the
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New Horizons PDS delivery, are currently under review, and should be
available soon.

As with all digital stereogrammetric topographic mapping products,
it must be remembered that the process uses a scene-matching algo-
rithm to determine feature parallax. This degrades the resolution of the
features by a factor of between 3 to 5. Smaller features on this scale may
or may not be resolved in the final DEM products.

It is noted that all elevation products derived here are referenced to
the estimated mean spherical radius of 606.0km for Charon
(Nimmo et al., 2017), and are not independent estimates of this mean
radius.

3.3. Slopes

A map of slopes across the encounter hemisphere of Charon (Fig. 6)
at effective spatial scales of approximately 1 km was derived from the
integrated DEM. The quality of the slope map is sensitive to the quality
of the input DEM data. The northern terrains tend to have noisier ele-
vation data and hence a noisier slope map. Slope data reported in this
text are from the higher quality central sections of the data. Small
geologic features such as the fine-scale detail within Vulcan Planitia
(Moore et al., 2016) are not resolved in either the DEM or the derived
slope maps, but most recognizable features are.

4. Charon: topographic characteristics

Charon, similar in size to the mid-sized icy moons of Saturn and
Uranus, is noticeably different in character from Pluto, both geologi-
cally (Moore et al., 2016) and topographically (Schenk et al., 2018b).
Beyer et al. (2017) summarized the basic topographic characteristics of
tectonic features on Charon, and here we describe in more detail the
fundamental data sets and revisit the characteristics of Charon's global
and regional topographic and physiographic signature based on the
final global map products. As for Pluto (Schenk et al., 2018b), the
control network solution by which camera kernels were updated for
Charon images were also solved for the radii of each of the 790 tie
points. This elevation map (Fig. 5), though sparser in density than the
DEMs, is indistinguishable from the stereogrammetric solution (Fig. 3),
and we regard both data sets as reliable for regional elevation de-
terminations, within the limits of the data set as it is distributed around
the sphere of Charon.

4.1. Disruption of Oz Terra highlands

As described by Moore et al. (2016), Beyer et al. (2017), and
Robbins et al. (2017) the resolved portions of Charon can be divided
into two fundamental geologic terrains: the fractured Oz Terra that
dominates the northern hemisphere, and the rolling apparently resur-
faced plains of Vulcan Planitia to the south. On top of this is overprinted
the large circular low albedo region at the illuminated pole, Mordor
Macula, within Oz Terra. (We note that this report uses both informal
and IAU-approved names for features. The list of currently approved
names can be found at the USGS Planetary Nomenclature website
[https://planetarynames.wr.usgs.gov]).

Oz Terra is moderately cratered (Singer et al., 2017), with widely
scattered craters large and small. The largest of these, Dorothy, is
~240km in diameter and 6 km deep (Fig. 7). Dorothy has a central
peak ~4km high, which is broadly similar to central peaks found on
Saturn's icy moons (White et al., 2013, 2017). For Charon, the inferred
depth/Diameter(d/D)-based simple-complex transition diameter for
unmodified craters on all terrains (Fig. 8) is ~6km (+/—1.5km),
consistent within the uncertainty with measurements on the similar-
sized icy saturnian satellites (White et al., 2013, 2017). Although the
transition diameters are similar, the slope of the least-squares-fit to the
complex crater d/D data is significantly shallower and the associated
depths of larger craters on Charon are shallower by up to 1km
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6 km

Fig. 9. (a) Disrupted terrains of Oz Terra and resurfaced plains of Vulcan Planitia, from global color mosaic (top) and DEM (bottom). Trough network evident in
topography is only subtly expressed in the base map. Black arrows indicate deeper depressions at the intersections of troughs, including Matahourua Planitia at the
left arrow. Smoother plains of Vulcan Planitia are across bottom of scene. White arrows indicate two prominent tilted blocks; one tilted north, the other tilted south.
(p) indicates outlier of smooth plains similar those of Vulcan Planitia, (M) indicates two isolated massifs rising above the smooth plains, and surrounded by depressed
asymmetric troughs or ‘moats.” A detached unit of these plains occurs near center (p) and truncated fractured blocks to either side. Dorothy (D) is at upper right and
two of the prominent troughs along the plains-highland board are indicated (Mandjet Chasma [MC] and Serenity Chasma [SC]). A network of mostly east-west
trending linear graben is also superposed on the larger polygonal network of troughs and crustal blocks (Beyer et al., 2017). These graben-like fractures and fault
scarps appear to be somewhat better preserved and to post-date terrain break-up, indicating a possible second generation of disruption. North is to the top in all views
unless noted. In this view, 12 km of relief is shown. Scene is 1250 km across. The color version of the image mosaic is from the 4-color global mosaic (Fig. 1) and uses
MVIC 875, 625, and 475 nanometers filter images. (b) Representative topographic profiles across Oz Terra and boundary with Vulcan Planitia to the south. Insets
show profile locations in global DEM from Fig. 3. (c) Stereo pair of region shown in Fig. 9a, highlighting the troughs and titled blocks along the boundary between the
disrupted plains of Oz Terra (left side) and Vulcan Planitia (right side). The bounding trough (or moat) along the outer edge of the Vulcan Planitia is also evident.
Note that orientation is different to align stereo pair for viewing. Image resolutions are ~1400 and 615 km/pixel. Figure format allows user to view in either wall-
eyed mode (left-center) or cross-eyed mode (center-right). Red-blue anaglyph version of this figure is available in Supplementary Fig. 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Matahourua Vallis to Vulcan Planum Topographic Profile
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Fig. 9. (continued)

compared to those on Saturn's icy moons, despite the similar surface
gravity and icy compositions (Fig. 8). These differences may indicate
that complex crater formation on Charon may initiate under similar
conditions but that the collapse process is more complex or complete on
Charon. Alternatively, the expected lower impact velocity at Charon
compared to the saturnian satellites could result in effects not captured
by the simple gravity scaling (Bray and Schenk 2015).

The terrains of Oz Terra (Fig. 9) are broken into large polygonal
crustal blocks ranging from 60 to 250 km across by a network of broad
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troughs several kilometers deep (Moore et al., 2017; Beyer et al., 2017;
Robbins et al., in prep). An irregular depression ~4.5km deep (Mata-
hourua Planitia, Fig. 9) is located at the intersection of some of these
linear troughs. The southern margins of Oz Terra are defined by deep
troughs and scarps and fault-bounded blocks a few hundred kilometers
long and oriented mostly parallel to the terrain boundary (Moore et al.,
2016; Beyer et al., 2017). The surfaces of several bordering blocks are
noticeably tilted, one southward, the other northward (Fig. 9), with
mean surface tilts of 5-6°, and heights from low-to-high points of
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Fig. 10. From left-to-right: three views of Argo Chasma region under increasingly lower solar illumination, and current DEM of region (right). Changing view
highlights double-walled trough that forms this feature, which could be a moat similar to that seen in Fig. 9 along the outer margin of Vulcan Planitia. The DEM
(right) shows that Argo Chasma and the surrounding area are depressed relative to terrains to the west and north. Area enclosed by Argo Chasma corresponds to the
circular unit in the center of the right half of Fig. 1. Cylindrical map projection centered at 15°, 90°E. Image resolutions range from ~ 3.7 to 1.5 km/pixel. Scene is
~600 km across; scale bar is 100 km.

Fig. 11. From left-to-right: 3 views of curvilinear dark feature in low-resolution approach hemisphere images, under increasingly lower solar illumination illustrating
apparent south-facing topographic scarps, perhaps related to those on the northern margins of Vulcan Planitia (e.g., Fig. 9). View is centered on 10°, 152°E and is
~1100 km across. Note apparent bright ray crater ~90 km across at far left center. Scene is ~600 km across; scale bar 100 km.
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Fig. 12. Eastern exposure of Vulcan Planitia, from global color mosaic (top) and DEM (bottom). Scene highlights complex rugged terrains associated with deep
depression in center. Kubrick Mons is the solitary peak at center bottom. The small depression at center is ~4.5km deep. Note also the shadowing at center right
indicating scarps and topography. Blurry areas are derived from lower resolution approach stereo images. Scene is 660 km across; north is up; scale bar is 50 km.

Topographic range shown is —6 to +6 km.

4.5-5.5 km. The highest of these block crests rises ~6 km above mean
Charon radius and are likely the highest standing features on the
mapped portion of the surface. The large polygonal blocks at higher
latitudes have undulating surfaces but are not appreciably tilted in the
way the border blocks are. The steepest non-crater surfaces on Charon
occur along the scarps of these tilted blocks along the boundary be-
tween the two terrains (Fig. 7), which have slopes of 40-50°.

Like Pluto, the non-encounter or approach hemisphere of Charon
was observed from greater distances with pixel scales from 30 to 2 km/
pixel. Little reliable stereogrammetric data can be extracted within this
area, except in the north where the encounter data extend 20-25° be-
yond the pole itself. Some low-resolution topographic data can be ob-
tained immediately to the east of the encounter hemisphere using ap-
proach images. The base map reveals a quasi-circular patch of terrain
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Fig. 13. Western exposure of Vulcan Planitia, from global color mosaic (top) and DEM (bottom). Scene highlights depressed trough or ‘moat’ along border of Vulcan
Planitia (arrows in DEM, bottom) with highlands and rugged massifs to both the north and west. Arrows in image mosaic (top) denote area of converging sinuous
troughs, which are associated with some of the lowest portions of Vulcan Planitia. Scene is 750 km across; north is up; scale bar is 50 km. Topographic range shown is

—6 to +6km.

almost 400 km across in this area and centered at 15°, 90°E (Figs. 1, 10).
This patch appears to be smoother at kilometer scales compared to
surrounding terrains and is roughly bounded by a arcuate scarp or
double-walled trough informally named Argo Chasma (Moore et al.,
2016; Beyer et al., 2017; Robbins et al., in prep). The height of the
northern flank relative to the southern flank is difficult to assess
(Fig. 10), but the textural difference suggests that the circular patch

interior to the outer scarp of Argo Chasma may be an outlier or east-
ward extension of the Vulcan Planitia resurfaced deposits. If true, Argo
Chasma would be an example of a bounding ‘moat’ of the type seen
along the edge of Vulcan Planitia in the high-resolution mapping area
(next section).

The relatively smooth unit and associated Argo Chasma structure
(Fig. 10) lie within a broader depression ~550 km across centered in
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the same region and along the eastern margins of the integrated global
DEM (Fig. 3) but considerably larger than the arcuate Argo Chasma
itself. Though low in resolution, the large irregular depression is con-
firmed by the tie-point radii map (Fig. 5). Although more poorly re-
solved than other terrains to the west, it is evident that this enigmatic
depression is not a simple bowl but has some poorly resolved structural
elements. Despite this, the outer regions of the depression are not de-
fined by any discrete scarp or ridge and its origin is not known.

Low-resolution approach images reveal additional curvilinear dark
features immediately to the east of Argo Chasma (Fig. 11) near the 180°
meridian. Although no topographic data are available here, shadowing
suggests that these may be additional examples of bounding scarps or
moats similar to those seen along the southern margin of Oz Terra
(Fig. 9; Beyer et al., 2017).

4.2. Topography of Vulcan Planitia

Vulcan Planitia forms broad contiguous undulating plains south of
Oz Terra (Moore et al., 2018). These plains extend into the dark zone of
Charon and its southern extent is unknown but the northern margin is
well observed. Although scarred by pitting and curvilinear ridges,
troughs and fractures, Vulcan Planitia is relatively contiguous and de-
void of major tectonic disruptions, at least compared to the terrains of
Oz Terra (Beyer et al., 2018; Robbins et al., in prep). A nearly con-
tiguous “moat” or trough occurs along the outer margin of Vulcan
Planitia (Figs. 3, 9, 12; Moore et al., 2016), with the side along the
northern terrains being higher in elevation by a kilometer or so. This
bounding trough forms convex outward-facing scarps 1-3km high
along the outer edge of the plains. Similar moats surround the isolated
mountains that rise 3-6 km high in scattered locations of eastern Vulcan
Planitia (Fig. 12). This marginal relief suggests that the materials that
resurfaced the plains were relatively viscous and resisted outward flow,
forming a marginal rampart (Moore et al., 2016; Beyer et al., 2018).
Liquid or liquid-solid ammonia/water mixtures (and other water mix-
tures) typically have higher viscosities than water alone (e.g., Kargel
et al., 1991; Durham et al., 2010) and could satisfy these constraints
(see discussion in Beyer et al., 2018).

Numerous topographic features occur within Vulcan Planitia. A 55-
km wide and 6-km-deep irregular pit occurs in the eastern portion of
Vulcan Planitia (Fig. 12). The prominent mountains informally known
as Clarke Mons and Kubrick Mons (Fig. 9) that rise abruptly from the
Vulcan Planitia plains (Moore et al., 2016) stand 2.5-3 km above the
local plains but 3.7-4km above the depressed moats that surround
them (Figs. 9 and 12). Another mountain, Butler Mons, was observed at
lower resolution at —11°, 39°E (Fig. 1). Shadows indicate a height of at
least 4.5 km. Mountains are observed east of 0° longitude but not to the
west, at least within the illuminated areas. One large area west of 0°
longitude features large curvilinear grooves, some of which converge in
twisted intersections (Fig. 13).

Aside from widely dispersed arcuate troughs or rilles (Fig. 13), most
areas of Vulcan Planitia are relatively smooth at 400-600 m pixels
scales. At < 200 m scales the surface of Vulcan Planitia is often scarred
by kilometer-scale pits and additional narrow curvilinear troughs or
grooves (Moore et al., 2016). These smaller features are not resolved in
the stereo DEMs and are the subject of ongoing topographic mapping
using the highest resolution mapping data sets.

A key constraint in assessing origins of Vulcan Planitia is the mean
elevation of the plains with respect to the apparently older unresurfaced
Oz Terra terrains to the north. Of course, any measure of the effective
altitudes of any rugged or undulating terrain depends on how it is
sampled; e.g., whether the greatest deviations are included in the
samples or avoided as outliers. Sampling all well resolved DEM data of
each terrain (Table 2) we derive mean elevations of ~0.1 km (standard
deviation of 2.7 km) for Oz Terra and of —1.15 km (standard deviation
of 1.7 km) below the mean Charon radius for the observed portions of
Vulcan Planitia. Sampling the northern disrupted terrain of Oz Terra
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Table 2

Topographic Characteristics of Charon and Major Geologic Terrains.
Terrain Area Mean  Std. Dev. Variance Skew  Median Mode
Charon (all) 1.76  -0.19 253 6.43 —-0.45 0.19 1.49
Oz Terra 1.25 0.13 2.65 7.01 —-0.70 0.75 1.49
Vulcan Planitia 0.43 -1.14 1.70 2.90 -0.16 —-1.05 -1.36

*All units in 10° km? (area) or km.

excluding the 12-km-deep polar trough and basin described below
(Fig. 9) gives a mean elevation of ~1.1 km above mean radius (stan-
dard deviation of 1.7 km), which now indicates that Vulcan Planitia is
likely 1-2 km lower on average in elevation than northern terrains (and
motivating the change from “Vulcan Planum” in earlier literature). This
is observed in both the radii map (Fig. 5) and stereogrammetric DEM
(Fig. 3), and indicates that this topographic trend is robust within the
constraints of the available data which cover only ~45% of the surface.
We explore the topographic properties of these terrains in more detail
in the Discussion section.

An important consideration is whether the division of Charon in the
DEM region into northern disrupted terrains and southern resurfaced
terrains has biased the topographic solution in either direction. The
mean elevations of the large blocks that make up the northern terrains
are relatively consistent, as measured across the tops of the polygonal
blocks. If we assume that these blocks represent an effective equipo-
tential surface for the older original crust in areas resolved and un-
resolved, then this consistency across the northern tier suggests that the
global shape model shown in Fig. 3 and the inference that Vulcan
Planitia is depressed 1-2 km is realistic.

4.3. Topography of Charon's North Polar region

The other dominant feature on Charon is its north polar dark “cap”
(Stern et al., 2015; Grundy et al., 2016b), also known informally as
Mordor Macula. The darker core of this albedo feature is ~375km
across, although a broader less dark halo surrounds it (Fig. 14). The
topographic signature associated with Mordor Macula is complex
(Fig. 14), indicating that the dark materials are sometimes locally in-
fluenced by topography.

Referencing radially from the geographic pole, the quadrant of
Mordor Macula centered on 90°E longitude is roughly the same eleva-
tion as the broken highlands elsewhere across the northern hemisphere,
and topography is poorly correlated with albedo. In the opposing 270°E
quadrant, relief across Mordor Macula slopes gently downward away
from the pole to a relative elevation of approximately —2 km below the
mean. These values are within the variability observed elsewhere
within the northern hemisphere and are not unusual. In the 270°
quadrant, a curvilinear ridge 1-2km high extending from 210° to
~360°E and between 72° and 77° latitude forms the outer edge of the
dark core of Mordor Macula (Figs. 14 and 15). The ridge appears to act
as a partial lateral barrier to dark material emplacement, with some of
the darkest deposits occurring on the pole-facing slopes but little or no
albedo or color signature on the equator-facing slopes. This relationship
would be consistent with topographic impedance of materials moving
laterally from the polar region, or more likely local thermal environ-
ments controlled by slope direction. The greatest negative relief on
Charon occurs just outside this ridge along the outer margin of Mordor
Macula. This is the elongate distorted-Y shaped trough and basin Ca-
leuche Chasma, centered along latitude 70° between 200° and 280°E,
which reaches a maximum depth of approximately 13 km below mean
radius (Figs. 14 and 15), the deepest features known on Charon. The
darkest deposits do not cross over the ridge into these deep features,
however.

The dark materials associated with Mordor Macula are also absent
or less concentrated on the floors of two large craters within it; 250-km-
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Fig. 14. (a) Section of global color mosaic (left) and DEM (right) showing orthographic view of Charon's northern hemisphere centered on the north pole and the
dark region Mordor Macula. Crater Dorothy (D) and deep trough Caleuche Chasma (CC) are highlighted. Note the lack of dark reddish material in the floor of
Dorothy. Topographic range shown is —14 to + 6 km. The color version of the image mosaic is from the 4-color global mosaic (Fig. 1) and uses MVIC 875, 625, and
475 nanometers filter images. (b) Profile across Caleuche Chasma (CC) and small depression (d) immediately to the south. Inset shows location in map in Fig. 14a.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

wide Dorothy crater at 57°, 39°E, and an 80-km-wide crater at 72°,
144°E (Fig. 16). Both craters are several kilometers deep and form
breaks in the otherwise circular pattern of Mordor Macula. Like the
arcuate ridge described above, the rims of both craters appear to act as
a barrier to the darkest material. Other areas near 80°, 280° are just as
deep but are covered in very dark material, suggesting that elevation is
a significant but inconsistent control on dark material formation. In
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these two craters, material properties related to impact formation pe-
culiar to crater floors might be involved in inhibiting dark deposit
formation on these two craters, rather than topography. In any case, the
inconsistent albedo-topography signature across Mordor Macula and
the preservation of smaller geologic features indicate that the dark
deposits are likely not a discrete physical deposit with significant
thickness, such as lava flows, but rather thin deposits or alteration of
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Fig. 15. (a) Section of global color mosaic (left) and DEM (right) showing fault scarps and deep chasma within Oz Terra near the +90° pole. Arrows indicate probable
normal fault cutting across undulating cratered plains. Several prominent enclosed depressions (d) occur here, including the 10-16 km deep Caleuche Chasma at
center. Note small dark spots at bottom center. Scene is ~450 km across; NP is north pole; scale bar is 50 km. Topographic range shown is —14 to + 6 km. The color
version of the image mosaic is from the 4-color global mosaic (Fig. 1) and uses MVIC 875, 625, and 475 nanometers filter images. (b) Stereo pair of region shown in
Fig. 15a, highlighting the deep troughs and depressions, including Caleuche Chasma, near the north pole, and just below the large dark feature Mordor Macula. Note
that orientation is different to align stereo pair for viewing. Image resolutions are ~1400 and 875 km/pixel. Figure format allows user to view in either wall-eyed
mode (left-center) or cross-eyed mode (center-right). Red-blue anaglyph version of this figure is available in Supplementary Fig. 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

the existing surface (e.g., Grundy et al., 2016b) partly controlled by The hypsogram of the disrupted terrains of Oz Terra is also skewed
topography and/or surface properties, requiring further study. (Fig. 17), with a mean elevation of ~0.1 as described in the Vulcan
Planitia section above, but with an offset main peak (or mode) at
~1.49km (Table 2). The strong offset peak is related to the higher
elevations of the large broken plateaus or blocks comprising much of Oz
Terra (e.g., Fig. 9), with the mean elevation reflecting the contribution
from the lower topography of the bounding troughs between the blocks
and other depressed topography (Fig. 17). The mean elevations of the
top surfaces of individual large blocks range between 1.0 and 2.5 km,
indicating that the blocks started with variable elevations or thick-
nesses, had some degree of vertical mobility, or are responding to local
stresses differently. The long tails of both the global and Oz Terra
hypsograms below —5km (Fig. 17) are due to the deep polar trough
and basin of Caleuche Chasma (Figs. 14, 15) and the other deep de-
pression, Matahourua Planitia (Fig. 9).

The topographic signature of Vulcan Planitia is unusually complex
(Fig. 17), reflecting the variable elevation across its surface (roughly
+1.5 to —4.5km). The bounding moats 10-30 km wide and 1-3km
deep and isolated massifs 1-4 km high within the boundaries of Vulcan
Planitia contribute but only in a minor sense. Vulcan Planitia as a
contiguous unit lies at a mean elevation of —1.14km below Charon
mean and ~1.0km below the average elevation of Oz Terra. The
southern observed portions of Vulcan Planitia are the lowest in eleva-
tion, ~3.5-4.5km below Charon mean radius. The peak (or modal)

5. Discussion and summary
5.1. Global topographic characteristics of Charon

New Horizons has produced a remarkable series of observations of
Pluto's large moon Charon, from which integrated global maps of the
illuminated surface in 4 colors (including near-IR; Fig. 1) and partial
global maps of topography (Fig. 3) have been produced. The topo-
graphic variability of Charon reveals a geologically complex world
(e.g., Moore et al., 2016) and places invaluable constraints of geologic
and geophysical processes. The topographic hypsogram of the (partial)
global DEM of Charon (Fig. 17; Table 2) is significantly higher in total
amplitude and different in character than that of larger Pluto
(Schenk et al., 2018b). While there are no major secondary peaks in the
Charon histogram like that for Sputnik Planitia at —2km, the lower
section of Charon's hypsogram has a pronounced bulge between —5
and —1km elevation. This skew towards negative values represents a
combination of various negative relief features (Fig. 17), including the
depression surrounding Argo Chasma (Fig. 10), similarly deep but
smaller depressions across the disrupted northern hemisphere of Oz
Terra (Fig. 8), and the undulating low plains of Vulcan Planitia (Fig. 3).

Fig. 15. (continued)
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Fig. 16. Section of global color mosaic (left) and DEM (right) showing terrains along the outer margin of Mordor Macula between 40° and 140° longitude. Unusual
double linear troughs are highlighted between the white arrows. Two craters (Dorothy, D, and an unnamed crater, ¢) form interruptions in the circular dark deposit of
Mordor Macula (at left). Orthographic projection with north pole at center left. Scene is ~650 km across; north pole is at center left; scale bar is 50 km. Topographic

range shown is —14 to +6 km.

elevations of the two terrains are even more divergent, with Vulcan
Planitia lying > 2.5 km lower than Oz Terra by this measure, reflecting
the difference between the Vulcan plains and the top surfaces of the
broken crustal blocks within Oz. Regardless of exactly how and where
the two terrains are measured, it is clear that their topography is
complex and that Vulcan Planitia lies 1-3 km below Oz Terra as units
but up to 6 km at their extremes.

The new (partial) global topographic maps of Charon (this report),
ice-enriched dwarf planet Ceres (e.g., Preusker et al., 2016; Park et al.,
2016), and the mid-sized icy moons of Saturn and Uranus (Schenk et al.,
2018b) offer a first opportunity to compare the topographic properties
of mid-sized icy bodies as a class (Fig. 20). Topographic data are
available for 75-100% of the surfaces of the saturnian mid-sized moons,
for ~30-40% of the 3 Uranian moons, and globally for Ceres (Fig. 20),
and are referenced to the triaxial ellipsoidal figure of each body.

Topographic amplitude on Charon is the greatest observed on a mid-
sized icy body other than Iapetus (Fig. 20). The 5 inner moons of Sa-
turn, although very rugged on a local scale due to overlapping craters,
are globally much more “relaxed” than either Charon or Iapetus
(Schenk et al., 2018a). These inner moons also have a symmetric un-
imodal topographic signature except for two minor features: a bump at
—6km for Tethys representing the 45-km-diameter Odysseus impact,
and a bump at —500m on Enceladus representing the contribution
from several 100-km scale dimples on the surface (Schenk and
McKinnon, 2009). The lower amplitude topographic signature of the
inner Saturn moons has been interpreted as an indication of the erasure
of the signature of ancient accretional processes or heavy bombardment
which apparently remains visible on Iapetus (Schenk et al., 2018a).

The three uranian satellites for which we have topographic sig-
natures are intermediate in global ruggedness between Charon and the
inner saturnian moons (Fig. 20). Their hypsograms are also more
complex and more closely resemble the skewed shape of Charon's
hypsogram (Fig. 20b). A bump at —1.5km in the Ariel hypsogram
probably reflects the troughs between the broken blocks on Ariel, po-
tentially analogous to the breakup of Charon's crust, though the hyp-
sogram of that moon is narrower than on Charon. The hypsogram of

Titania is broadly similar in shape to Charon (Fig. 20b). This is likely a
coincidence as Titania is a more heavily cratered body, though its icy
shell is also disrupted by several large walled troughs (Croft and
Soderblom, 1991). Evidence on Titania for geologic activity, topo-
graphic relaxation, or resurfacing is more limited than either Miranda
or Ariel, suggesting limited hearting or a colder interior capable of
retaining some topographic variations.

Voyager imaging for both Umbriel and Oberon, both of which are
heavily cratered, is insufficient to permit DEM production, but several
limb profiles were generated (Thomas et al., 1988). These data show
that the topography of Oberon (where profiled) is broadly comparable
to Titania with variations of relief of = 3 km (excluding the 11-km high
mountain. Umbriel is more rugged with variations in relief of + 5km
locally. These data are consistent with the inferences gathered from the
other three moons above that the Uranian moons are consistently more
rugged than the 5 inner saturnian moons.

Curiously, the shape of the hypsogram for Charon is rather similar
to that of Ceres (Preusker et al., 2016; Park et al., 2016), except that the
low-elevation wing of the hypsogram of Ceres is not as deep as on
Charon (Fig. 21) due to the lack of Charon-style deep troughs on Ceres.
This is consistent with indications from viscous relaxation studies that
the outer layers of Ceres are stiffer than expected for a pure-ice outer
shell (e.g., Bland et al., 2016) and able to retain more of the long-wa-
velength topographic signature (e.g.,Fu et al., 2017) than the inner
saturnian moons (Schenk et al., 2018a). Ceres topography is dominated
by impact cratering and by several large-scale cryptic (possibly impact-
related) depressions across its surface; whereas Charon is dominated by
the topography of the breakup of its outer layers into large blocks se-
parated by deep troughs and by the vast plains of Vulcan Planitia.

5.2. Origins of major morphologic and topographic units on Charon

The topography of the broken terrains of Oz Terra indicates that the
icy shell of Charon has been broken into large crustal blocks (Moore
etal., 2016; Beyer et al., 2017; Robbins et al., 2017), presumably due to
global or regional extensional stresses. This could be due to a few
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Fig. 17. Hypsograms of topography across the mapped DEMs of Charon and its
two major terrain units. OT is Oz Terra data and VP is Vulcan Planitia data.
Heavy curve is for all Charon terrains combined. Data are from Fig. 3. Low-
resolution approach DEM data were excluded from hypsograms.

percent of global expansion, related to global cooling or perhaps
freezing of a global water layer in the interior. Although a simple vol-
canic origin for Vulcan Planitia has been proposed and remains
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plausible (e.g., Moore et al., 2016), the break-up of Oz Terra, the tilted
blocks along the northern border of Vulcan Planitia and the isolated
massifs within (Figs. 9 and 12) suggest that rather than simple volcanic
resurfacing by viscous melts of icy composition, we are instead seeing
the foundering of crustal blocks (see also Beyer et al., 2018 for extended
discussion), and subsequent replacement by icy materials that were
originally beneath them. In this hypothesis, the isolated massifs are the
visible remains of blocks that are almost but not quite subsumed. The
converging curved troughs seen in some locations (Figs. 12 and 13)
could be areas where the topmost portions of the crustal blocks have
indeed foundered below the surface, leaving convergence ‘suction rip-
ples’ where viscous material has covered them, much as large stones
dropped into viscous mud can leave disturbances on the surface where
they foundered. If correct, the plains of Vulcan Planitia could be in-
terpreted as the exposed interior of Charon that has vertically replaced
or covered the foundered blocks, consistent with the high viscosity of
the plains inferred from the deep moats bordering Vulcan Planitia and
the mountains scattered within it. If large blocks of Charon's ancient
crust did indeed founder it would imply that a density inversion formed
in the outer layers of this moon, with the outer layers acquiring a lower
density than the interior. The origins of Vulcan Planitia are the subject
of ongoing study (e.g., Beyer et al., 2018), but the topographic char-
acteristics described above provide key constraints on its emplacement.

The breakup of Oz Terra into large blocks many tens to hundreds of
kilometers wide by troughs tens of kilometers across is unusual in the
outer solar system. The closest analog may be the breakup of large
sections of the icy shell of Ariel into 40-to-200-km-wide blocks by linear
troughs 3-5km deep (e.g., Croft and Soderblom, 1991; Peterson et al.,
2015) (Fig. 18). Most of the blocks are lightly cratered and flat-topped
but a few blocks are also tilted (Figs. 18 and 19), perhaps in a manner
similar to those along the southern margin of Oz Terra (Fig. 9). Whether
any of Ariel's large blocks have foundered is unknown as 60% of the
surface was unresolved or in darkness. With a few exceptions, the
troughs between the blocks on Ariel have been resurfaced by smooth
plains interpreted as volcanic (e.g., Croft and Soderblom, 1991), per-
haps ammonia-hydrate in composition (Schenk, 1991). These resur-
faced troughs may be analogous to the plains of Vulcan Planitia. In
contrast, smooth plains materials do not fill most of the troughs within

Fig. 18. Global mosaic (left) and DEM (right) for the Uranian moon Ariel. Disrupted crustal blocks are evident at lower right, and tilted blocks at lower left (black and
white arrows) which are even more evident in the stereo images. Orthographic projection; south pole at left center; scale bar is 50 km.
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Fig. 19. Stereo pair of angular and tilted crustal blocks on Uranian icy moon Ariel. Area shown is from lower left of Fig. 18. The best evidence for tilted blocks is in
the bottom half of frame. Images are at resolutions of 1.0 and 1.25 km/pixel. Figure format allows user to view in either wall-eyed mode (left-center) or cross-eyed
mode (center-right). Red-blue anaglyph version of this figure is available in Supplementary Fig. 3.
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Fig. 20. (a) Hypsogram of topography for mid-sized icy bodies, comparing Charon (heavy line) and the icy moons of Saturn. Outermost solid line is Iapetus (greatest
amplitude) and innermost or flattest is Enceladus. (b) Hypsogram of topography for mid-sized icy bodies, comparing Charon (heavy line) and the icy moons of
Uranus. In all cases, topography is referenced to the mean triaxial ellipsoid of each body in order to compare deviations from this first-order shape.

evidence for widespread resurfacing to the south in Vulcan Planitia,
indicates that heat flow within the icy shell was not sufficient to erase
the deep relief observed, or that any major heating events occurred
before these geologic events. It also indicates that the icy shell of
Charon must be dominated rheologically by relatively stiff material

Oz Terra on Charon, perhaps because they never widened or deepened
to the degree observed on Ariel or the materials involved were too

viscous.
The preservation of such a high degree of relief on Charon, in-

cluding within the disrupted terrains of Oz Terra and despite the
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Fig. 21. Hypsograms of several mid-sized icy bodies, including Charon. This
graph highlights several key comparisons, including Ceres (thin dashed line),
saturnian moon Iapetus (outer solid line), the most rugged of icy mid-sized
bodies, Uranian moon Ariel (heavy dashed line), and Charon (heavy line). Data
for Ceres from Preusker et al. (2016) and Park et al. (2016).

such as water ice (e.g., Beyer et al., 2017). The rugged topographic
signature of Charon appears due largely to the break-up of northern
terrains and the emplacement of Vulcan Planitia, as the signatures of
large ancient degraded impact structures evident in the topography of
Iapetus are not observed on Charon. Rather it is the incomplete breakup
and apparent foundering of large sections of the outer layers of Charon
that dominates this moon geologically (Moore et al., 2016; Beyer et al.,
2017; Robbins et al., 2017) and topographically.
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