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The surface of Pluto as it is understood on the eve of the encounter of the New Horizons spacecraft
(mid-2015) consists of a spatially heterogeneous mix of solid N, CH, CO, C;Hg, and an additional
component that imparts color, and may not be an ice. The known molecular ices are detected by
near-infrared spectroscopy. The N, ice occurs in the hexagonal crystalline B-phase, stable at T>35.6 K.
Spectroscopic evidence for wavelength shifts in the CH4 bands attests to the complex mixing of CH,
and N, in the solid state, in accordance with the phase diagram for N, + CH4. Spectra obtained at several

Keywords: aspects of Pluto’s surface as the planet rotates over its 6.4-day period show variability in the distribution
Pluto, surface . . . R . . . .

Charon of CH4 and N, ices, with stronger CH,4 absorption bands associated with regions of higher albedo, in
Spectroscopy correlation with the visible rotational light curve. CO and N, ice absorptions are also strongly modulated

by the rotation period; the bands are strongest on the anti-Charon hemisphere of Pluto. Longer term
changes in the strengths of Pluto’s absorption bands occur as the viewing geometry changes on seasonal
time-scales, although a complete cycle has not been observed. The non-ice component of Pluto’s surface
may be a relatively refractory material produced by the UV and cosmic-ray irradiation of the surface ices
and gases in the atmosphere, although UV does not generally penetrate the atmospheric CH, to interact
with the surface. Laboratory simulations indicate that a rich chemistry ensues by the irradiation of
mixtures of the ices known to occur on Pluto, but specific compounds have not yet been identified in
spectra of the planet. Charon'’s surface is characterized by spectral bands of crystalline H,0 ice, and a band
attributed to one or more hydrates of NHs;. Amorphous H,0 ice may also be present; the balance between
the amorphization and crystallization processes on Charon remains to be clarified. The albedo of Charon
and its generally spatially uniform neutral color indicate that a component, not yet identified, is mixed in
some way with the H,0 and NH3-nH,0 ices. Among the many known small bodies in the transneptunian
region, several share characteristics with Pluto and Charon, including the presence of CHy4, N, C;Hg, H,0
ices, as well as components that yield a wide variety of surface albedo and color. The New Horizons
investigation of the Pluto-Charon system will generate new insight into the physical properties of the
broader transneptunian population, and eventually to the corresponding bodies expected in the
numerous planetary systems currently being discovered elsewhere in the Galaxy.

Published by Elsevier Inc.
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1. Introduction encounter of the Pluto system by NASA’s New Horizons spacecraft.

We concentrate on the information that has emerged since the

This paper is a review of our knowledge of the surface compo-
sitions of Pluto and its satellites on the eve of the mid-2015
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subject was last reviewed (e.g., Buie et al., 1997; Cruikshank
et al., 1997; Marcialis, 1997; McKinnon et al., 1997; Cruikshank
et al., 2005). In many respects, Pluto and Triton share the same
or closely similar physical characteristics. Triton was explored in
1989, during the brief flyby of Voyager 2 through the Neptune
system, revealing the atmosphere and geological activity, and
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confirming the presence of N, ice on the surface by determining
the mean molecular mass of the atmosphere. It is therefore both
convenient and appropriate to compare and contrast these bodies
as we review the current knowledge of Pluto.

2. Pluto
2.1. Nitrogen and methane

The first milestone in the elucidation of Pluto’s composition was
the identification of frozen methane on the surface. This result was
based on a photometric signature in the near-infrared (Cruikshank
et al.,, 1976) from measurements designed to distinguish H,O, NH3,
or CH, in the solid state by means of their strong absorption bands
in the region 1.0-2.0 um. The identification of solid CH4 was con-
firmed by spectra 4 years later (Cruikshank and Silvaggio, 1980;
Soifer et al., 1980). The subsequent detection of condensed N, on
Triton (Cruikshank et al., 1984, 1988, 1993) alerted investigators
to the possibility of solid N, on Pluto, and Pluto’s nitrogen ice
was discovered spectroscopically by Owen et al. (1993), via the
2-0 overtone absorption band at 2.15 pm.

The 2-0 band in N, absorbs light relatively weakly, having a
Lambert absorption coefficient of only about 0.015cm™' at the
band center (Grundy et al., 1993). For such a weak band to be vis-
ible in the Owen et al. spectrum of Pluto, prior to escaping from the
surface, the light reflected from Pluto’s surface must, on average,
have passed through a substantial path length within N, ice, of
the order of multiple centimeters, as in the case of Triton. This path
length is considerably greater than the millimeter path lengths in
pure CHy ice that would explain the numerous CH,4 absorptions
in Pluto’s near-infrared spectrum. This discovery, which is also
directly relevant to the appearance of N, on Triton (Cruikshank
et al., 1984), changed a prevalent perception of Pluto’s surface in
which CHy is the most abundant ice to one in which CH4 and CO
(see next section) are minority contaminants in a surface domi-
nated by N, ice, as for Triton.

This discovery, which is also directly relevant to the appearance
of N, on Triton (Cruikshank et al., 1984), changed a prevalent per-
ception of Pluto’s surface and atmosphere in which CH, is the most
abundant volatile to one in which CH4 and CO (see next section)
are minority contaminants in a system dominated by N5, as for Tri-
ton. This realization has a profound impact on our understanding
of basic properties that govern the surface-atmosphere system,
not the least of which is the atmospheric pressure.

Laboratory studies of N, ice have shown that the shape of the
2.15-pum 2-0 absorption band depends on temperature (Grundy
et al., 1993; Tryka et al., 1993, 1995), becoming narrower at lower
temperatures and, at temperatures below about 41 K, developing
a side-band or shoulder at around 2.16 um. Below 35.6 K, N, ice
undergoes a solid-solid phase transition, reorganizing its crystal
structure from the hexagonal beta phase stable at higher temper-
atures to a cubic, lower-temperature alpha phase (Scott, 1976).
The absorption spectrum changes dramatically between B- and
o-N, (Grundy et al., 1993; Tryka et al., 1993, 1995), with the rel-
atively broad and shallow B-N, absorption band being replaced by
a much narrower and deeper feature in o-N,. Spectra of Pluto are
consistent with the higher temperature pB-N, absorption, and they
show the shoulder at 2.16 pm, implying an N, ice temperature
between 35.6 and about 41K (although caution is advisable
owing to the possible undercorrection of the Pluto data for the
hydrogen Brackett gamma line that appears in the solar spectrum
at about the same wavelength as the shoulder). Tryka et al.
(1994) made use of the temperature-dependent change in
breadth of the 2.15-um band to solve for an N, ice temperature,
obtaining 40 +2 K. But again, caution is advisable, since band

widths are influenced by scattering effects as well as temperature
effects, and with only one absorption band to work with, Tryka
et al. had to assume the scattering characteristics of the surface,
rather than being able to solve for them. Quirico and Schmitt
(1997a) reported no effect of dissolved CH,4 on the N, ice absorp-
tion band. Although strong effects are not expected, laboratory
studies have not yet ruled out subtle influences by other potential
minority contaminants on the spectral behavior of the N, ice
absorption that could further complicate its use as a spectral
thermometer.

Fig. 1 shows the spectrum of Pluto from 0.8 to 2.5 um, with the
individual absorption bands or band complexes identified.

Prokhvatilov and Lantsevich (1983) derived an equilibrium
binary phase diagram for condensed N, and CH,4 using X-ray dif-
fraction techniques (see Fig. 2). This phase diagram shows that
N, and CH4 are completely miscible in one another as liquids,
but on freezing, N, is only partly soluble in CH4 ice and CHy4 is
only partly soluble in N, ice. The solid solution solubility limits
for the two species in one another are functions of temperature,
with greater solubilities at higher temperatures. For a plausible
Pluto volatile ice temperature of 40K, the diagram shows that
in CH, ice, the solubility limit is about 3% N, (molar concentra-
tion), and in N, ice the solubility limit is about 5% CH,4. For any
bulk composition between the solubility limits, under conditions
of thermodynamic equilibrium, two phases must be present
simultaneously: CH,; and N,, each with the other dissolved
within it at the relevant solubility limit. The relative abundances
of the two phases can be ascertained from the phase diagram
using the lever rule. Although this point was first underscored
in the planetary science literature almost 30 years ago (Lunine
and Stevenson, 1985), subsequent publications have been some-
what inconsistent in recognizing that if both CH, and N, are
present and in thermodynamic equilibrium, then it is impossible
for either pure CH4 or N, to exist. Although pure ices could
potentially exist under transient disequilibrium conditions, labo-
ratory studies have not yet been done to establish how long
such a configuration could last, should it ever arise on the sur-
face of Pluto.

A slight mismatch between the wavelengths of CH, bands
observed in telescopic spectra of Pluto and Triton (e.g., Owen
et al.,, 1993; Cruikshank et al., 1993) and the wavelengths of CH,
ice absorption bands measured in the laboratory (e.g., Grundy
et al.,, 2002) prompted a laboratory investigation of CH, diluted
in Ny ice (Quirico and Schmitt, 1997a). That study showed that
CH,4 absorption bands shift to shorter wavelengths when the CH,
is diluted in N, ice, leading to more than a decade of work in which
Pluto’s spectrum was interpreted in terms of a combination of
“diluted” and “pure” CH, components (e.g., Douté et al., 1999;
Tegler et al., 2010, 2012). Clearly, neither component alone could
match Pluto’s CH4 bands, and the inclusion of both resulted in con-
siderably better fits (Douté et al., 1999). This approach made use of
the available laboratory spectra at the time, specifically pure CHy
(Grundy et al., 2002) and CH4 highly diluted in N, ice (Quirico
and Schmitt, 1997a). But thermodynamically, pure CH, ice is
inconsistent with the presence of N, in an equilibrated system.
The problem was that laboratory data were simply not available
for the two components called for by the phase diagram: CH, sat-
urated in N, ice and N, saturated in CH,4 ice. Brunetto et al. (2008)
began to explore compositions outside the solubility limits, but
their experiments were of limited use to modelers, since their sam-
ples consisted of combinations of the two intergrown phases with
unspecified textures. The two phases at their solubility limits were
finally studied separately in the laboratory during 2011-2013, but
have not yet been used in a systematic analysis of Pluto spectra
(Protopapa et al., 2013).
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Fig. 1. Average of the best spectra of Pluto (including the light from Charon) from 65 data sets obtained from 2001 to 2013 in a monitoring program (Grundy et al., 2013).

Reproduced courtesy Elsevier.
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Fig. 2. Binary phase diagram of N, + CH4 by Prokhvatilov and Lantsevich (1983).
From Tegler et al. (2012), © AAS. Reproduced with permission.

2.2. Other species

Solid carbon monoxide is found on both Pluto and Triton by
means of the (2-0) band at 2.352 pm and the weaker (3-0) band
at 1.578 um (Owen et al., 1993; Douté et al.,, 1999). Protopapa
et al. (2008) found convincing evidence for the CO fundamental
at 4.67 um, possibly blended with methane and some nitrile spe-
cies. While CO is miscible in N, and their vapor pressures are sim-
ilar, the matrix shift in wavelength of CO in N, is too small to be
detected in spectra currently available (Quirico and Schmitt,
1997b). It is therefore unclear if CO primarily occurs in the N,
matrix, or if it is a pure condensed ice or frost. Lellouch et al.
(2011a) have found spectroscopic evidence for CO in Pluto’s atmo-
sphere with an estimated abundance of CO/N, =5 x 107, The esti-
mated surface abundance is 1 x 10~ (Lellouch et al., 2011b). For

comparison, the Lellouch et al. values of CO/N, for Triton are
6x10% and 1x103 for the atmosphere and surface,
respectively.

In addition to the normal '2CO bands, the 3CO (1-0) band
appears to be present at 2.405 pm, but with a strength relative to
the 2CO band that cannot be reconciled with plausible '2C/'3C
abundances (Cruikshank et al., 2006; DeMeo et al., 2010). This
band is coincident with a band of solid C,Hg, and thus provides evi-
dence for the presence of this hydrocarbon that is produced by the
photochemistry of CHy4. In earlier work, Nakamura et al. (2000)
found that Pluto’s strong bands at 2.28 and 2.32 um are best fit
with a combination of CH4 and C;Hg absorption, but their 2.405-
pm region is discrepant with ethane. At longer wavelengths,
Sasaki et al. (2005) noted that their Pluto data were best fit when
ethane was added, but they did not clearly identify ethane bands.
Spectra by Verbiscer et al. (2007) support the evidence for C;Hg
bands in the interval 2.3-2.45 pm. Merlin et al. (2010) and Cook
et al. (2013) also found that models of Pluto’s near-IR reflectance
were improved by the addition of ethane ice. Estimates of the
abundances of ethane on Triton and Pluto suggest that this ice is
deposited on relatively short time-scales by precipitation from
the atmosphere, where it is produced by photochemistry (e.g.,
Krasnopolsky and Cruikshank, 1999). Similarly, Cook et al. (2013)
found that models of Pluto’s reflectance in the near-IR were
improved slightly by the addition of CoHy (ethylene), but this mol-
ecule has not been identified by observations of unique absorption
bands.

The spectrum of Pluto beyond 2.5 pm has been explored in a
preliminary way by Sasaki et al. (2005), Olkin et al. (2007), and
Protopapa et al. (2008), in part to search for additional molecular
species, including other hydrocarbons. Fig. 3 is a composite spec-
trum of Pluto (without Charon light) that is plotted together with
a model consisting of a geographic mixture of pure CH, ice with
two different grain sizes, CH; and CO dissolved in solid N,, the
nitrile CH,CHCN, and titan tholin. The nitrile was included to help
explain absorption in the spectrum near the CO band at 4.67 pm,
but its inclusion in the model does not constitute an identification
of this material.

Another photochemical product of CH4 and N, is HCN (e.g.,
Krasnopolsky and Cruikshank, 1999), which is produced both in
the gaseous and solid states. Burgdorf et al. (2010) found the
4.76-pm v; stretching mode band of HCN in absorption in the
spectrum of Triton. A similar band occurs at the same wavelength
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Fig. 3. Spectrum of Pluto (solid line) (not including the light from Charon), 1-5 um,
from Protopapa et al. (2008). The dashed line is a best-fitting model at the same
resolution as the observational data. Gaps in the Pluto spectrum (2.5-2.85 and 4.1-
4.5 um) correspond to opaque telluric absorption intervals. Inset: Enlargement of
the longest wavelength segment, with three models. Gray dashed line is the model
shown for the full 1-5 um spectral region; dotted green line is the best model with
CH;5D (4.34 and 4.56 um removed); the red line is the best model with the CO ice
band at 4.67 um removed; the ---.- line is the best-fitting model including the
nitrile CH,CHCN only. Reproduced courtesy Astronomy and Astrophysics. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

in the spectrum of Pluto obtained by Protopapa et al. (2008), and
while HCN is expected to occur in detectable amounts, this band
has not yet been modeled in a mix of other components known
to exist on Pluto.

2.3. Distribution of ices on Pluto

Near-infrared wavelengths between about 0.7 and 2.5 pm are
especially useful for Earth-based remote monitoring of Pluto’s ices.
In addition to the numerous volatile ice vibrational overtone and
combination modes in this wavelength range, there is ample solar
flux illuminating Pluto. Also the terrestrial atmosphere is relatively
transparent, and emits relatively little light. But to most Earth-
based observatories, Pluto is only a point source at these wave-
lengths, often not even spatially resolved from its largest satellite
Charon. So the only practical way to investigate the spatial distri-
bution of Pluto’s ices has been to take advantage of changing view-
ing geometry over time.

The most obvious way Pluto’s geometry changes over time is
through its 6.4-day rotation. This motion causes a persistent visible
lightcurve as regions having distinct albedos rotate into and out of
view. Similar 6.4-day periodicities have been reported in Pluto’s
near-infrared spectral features, beginning with the CH, bands,
which were found to be weaker around the time of lightcurve min-
imum and stronger around the time of lightcurve maximum, indi-
cating that CH4 on Pluto’s surface is associated with regions of
higher albedo (Buie and Fink, 1987; Marcialis and Lebofsky,
1991). Additional complexities emerge when different CH, absorp-
tion bands are compared. The stronger CH4 bands are well corre-
lated with the visible lightcurve, but the weaker CH, bands
exhibit maximum absorption at longitudes that shift toward the
sub-Charon hemisphere (Grundy and Fink, 1996). The weaker the
band, the larger is the longitudinal shift (Grundy and Buie, 2001).
This behavior suggests that methane ice does not have the same
light scattering properties in all regions where it occurs on Pluto.
Relatively short mean optical path lengths through CH,4 are suffi-
cient to produce the strong CH4 bands, but not the weak ones.

Greater path lengths through CH, seem to be needed on the sub-
Charon hemisphere to produce that region’s appreciable absorp-
tion in the weaker CH4 bands.

Pluto’s CO and N, ice absorptions have fewer, and more subtle
absorption bands, but a new generation of infrared grating spec-
trometers revealed that the absorptions of those two ices are also
strongly modulated by Pluto’s 6.4 day rotation, with the strongest
absorption of both ices being seen when Pluto’s anti-Charon hemi-
sphere is oriented toward the observer (Grundy and Buie, 2001;
Grundy et al., 2013). HST albedo maps of Pluto’s surface show a
bright patch centered on the anti-Charon hemisphere (Buie et al.,
1992, 2010a; Stern et al., 1997), so it has been speculated that this
region could be the site of the CO and N, absorption. Another way
to detect N, ice is through its effect on the more readily observable
CH4 bands. As discussed in a previous section, when CH, is dis-
solved in N, its absorptions shift to shorter wavelengths. Using
cross-correlation to measure wavelength shifts in Pluto’s CHy
bands reveals that the shifts are greatest when Pluto’s anti-Charon
hemisphere is oriented toward the observer (Grundy et al., 2013).
This is the same hemisphere where the N, ice absorption is stron-
gest, so both methods are in accord in placing more N, ice there.

The consistency in these spectral changes and in the lightcurve
variability from one Pluto rotation to the next argues against thick
or variable cloud cover obscuring the view of the surface. It also
says that the spatial distribution of Pluto’s ices is static, at least
on timescales of weeks to months.

Over longer timescales, the viewing geometry changes in
another way. Pluto’s obliquity is high. Its spin pole differs 120°
from its heliocentric orbit pole, so the sub-solar latitude on Pluto
varies seasonally over +60° of latitude, a considerably wider tropic
band than the current range of +23.4° for Earth. Pluto’s last equinox
was on 1987 December 16, when the sub-solar latitude crossed
Pluto’s equator from the southern into the northern hemisphere
(using the orbit from Buie et al., 2012). By the time of the 2015
New Horizons encounter, it will have reached 51° North, well on
its way to its 60° maximum during Pluto’s northern summer sol-
stice in the late 2020s. Earth-based observers were seeing Pluto’s
equatorial regions during the 1980s, while more recent observa-
tions are increasingly dominated by high northern latitudes. Differ-
ences in ice composition or texture between equatorial and polar
regions would show up as a gradual secular evolution of Pluto’s
spectral features.

The first such secular spectral change to be reported was a
decrease in absorption in Pluto’s weak 0.73-pm CH4 band from
the 1980s through the 1990s (Fink and DiSanti, 1988; Grundy
and Fink, 1996). Grundy and Buie (2001) found that the strong
CH4 bands were progressing in the opposite direction, increasing
in strength during the 1990s. That trend continued at least into
the early 2000s, although it seems to have slowed in recent years
(Grundy et al., 2013). That paper also reported tentative declines
in Pluto’s N, and CO absorptions during the 2000s. All of these sec-
ular spectral changes could potentially be attributed to the chang-
ing viewing geometry, if the N,, CO, and weak CH,4 absorption
bands were predominantly formed in low-latitude regions while
the strong CH, bands were formed at high latitudes.

But interpreting these longer-term changes in terms of a static
distribution of ices is problematic because Pluto’s N, CO, and CHy4
ices are volatile enough to be mobile on seasonal timescales. Of the
three, N, is the most volatile (Fray and Schmitt, 2009). Models
show that in regions of Pluto receiving the most sunlight, a layer
of N, ice of the order of a centimeter thick could sublimate into
the atmosphere every Earth year (e.g., Spencer et al, 1997,
Trafton et al., 1998). That sublimation is balanced by condensation
in regions absorbing less sunlight, but the details depend sensi-
tively on the spatial distribution of ices as well as the thermal iner-
tia of the substrate, emissivity, etc. Pluto’s surface atmospheric
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pressure determined from stellar occultations increased between
two events that were observed in 1988 and 2002 (e.g., Elliot
et al., 2003; Sicardy et al., 2003), but it is not known if this was a
gradual change between the 2 years, or an episodic increase. The
change represented roughly a doubling of the atmospheric pres-
sure; subsequent occultations have yielded values of the pressure
consistent with the 2002 point (Olkin et al., submitted for
publication).

The temporal variability of Pluto’s visible wavelength lightcurve
and albedo features cannot be explained by the evolution of view-
ing geometry alone (e.g., Schaefer et al., 2008; Buie et al., 2010a).
The same is expected to be true for Pluto’s various ice absorption
bands. But without a much longer time baseline and/or spatially-
resolved near-infrared spectra, it is hard to distinguish seasonally
changing ice distributions from changes in sub-viewer latitude.
Grundy and Buie (2001) suggested a possible way to separate the
two effects by exploiting the parallax from Earth’s motion around
the Sun. This motion causes a #2° yearly oscillation in the sub-
Earth latitude on Pluto superimposed on its gradual northward
progression of about 2° per Earth year during the early 2000s.
Thanks to this parallax, it is possible to observe Pluto at the same
sub-Earth latitude in two consecutive years. Grundy and Buie
argued that observations at times with matching sub-Earth lati-
tudes, but separated in time by a year, should only show effects
of ongoing seasonal volatile transport, and not those due to the
gradual changes in viewing geometry and the gradual change in
the sub-solar point.

Unfortunately, expected spectral changes over only the 1 year
time base offered by this technique are small, so high signal preci-
sion is critical, and since Pluto’s spectrum varies so much as it spins
on its axis, it is essential to match the sub-Earth longitude, too.
Grundy and Buie (2001) were able to obtain a few geometrically-
matched observation pairs during 1997-1998 and Grundy et al.
(2013) got a few more such pairs during 2005-2006. Comparison
between the matched pairs showed little change in N, and CO
absorptions, favoring a static distribution of those ices. But they
showed unexpected decreases in the strengths of the strong CH,
bands, counter to the secular trend. One possible explanation is
that seasonal volatile transport is diminishing the CH, absorptions,
but this effect is masked by an even greater increase caused by the
northern polar regions rotating into view. In their latest update,
Grundy et al. (2014) report on an accelerating decrease in CO
and N, absorption in the last few years, something that cannot
be explained with a static distribution of N, and CO ices. They also
note that changes in observed absorption bands need not be
strictly related to the projected area covered by each ice. Changes
in ice texture could also lead to spectral changes. They argue that
the decline in N, and CO absorption, as well as a decline in the
shifts of the CH4 bands might be caused by sublimation of small
amounts of N, from an N,-dominated N,:CH, solid solution satu-
rated with CH4. Removing N, would require exsolution of CHy to
keep the composition from exceeding the solubility limit, and if
that leads to formation or growth of small CH, crystals, they could
increase scattering and decrease the mean optical path length in
the N, ice.

Short-term changes on Pluto on the order of days or months
have generally not been noted, although Tholen and Buie (1988)
showed the lightcurve of the 1988 April 18 transit of Pluto by
Charon in which there is evidence of a possible post-eclipse bright-
ening effect. Temporary condensation of an atmospheric compo-
nent on Pluto’s surface by the cooling induced by the passage of
Charon’s shadow could plausibly raise the albedo of the affected
region on the planet. Further examples of the lightcurve of the
1988 event have not been reported.

In a surface composed of sublimating and/or condensing vola-
tile ices, it is natural to expect near-surface compositional

gradients to arise from the fact that N, CO, and CH4 have different
volatilities. As noted by Grundy and Fink (1996), such a configura-
tion could produce observable spectral consequences, since differ-
ent wavelengths sample different depths on average. Weak
absorption bands probe deeper within a surface than strong bands
do because photons at weakly-absorbing wavelengths can pass
through more material before being absorbed. Many authors have
considered this possibility for Pluto and other bodies with CH, ice
absorption bands, by comparing compositions derived for weak
and strong CH4 bands (e.g., Licandro et al., 2006a; Tegler et al.,
2008; Abernathy et al., 2009; Merlin et al., 2009). The results have
been inconsistent for a number of reasons. Different papers have
looked at different CH, absorption bands, and they have used dif-
ferent methods to assess compositions. Cross-correlation is a con-
venient way to measure a wavelength shift, but converting such a
shift into a composition is far less straightforward.

Shifts for different CH4 bands cannot be directly compared,
because each band shifts by a different characteristic amount when
the CH, is diluted in N, (Quirico and Schmitt, 1997a). A measured
shift can be compared with the shift for the same band in highly
diluted CH4, as tabulated by Quirico and Schmitt (1997a), but
quantitative values for the shifts for many weaker, shorter wave-
length CH,4 bands are not available in the literature. An additional
complicating factor is the phase behavior of N, and CH, described
earlier. As progressively more N, is added to CHj ice, there is not a
simple, monotonically increasing shift. When the solubility limit is
exceeded, a second, N,-rich phase appears, with a much larger
shift. Both phases are present simultaneously, and both contribute
to the observed absorption band. The CH4-rich component has a
relatively small shift and the N,-rich component has a larger shift.
The best approach seems to be to model both of these phases and
compute the CH4/N, ratio from their relative abundances, using
optical constants for the two phases at their solubility limits
(Protopapa et al., 2013). Using an approach like this, but with esti-
mated rather than measured optical constants, Tegler et al. (2010,
2012) found no evidence of a vertical compositional gradient in the
CHy4/N; ratio on Pluto.

2.4. Pluto in the ultraviolet

Ultraviolet spectroscopy has not yielded definitive identifica-
tions of surface components, although Stern et al. (2012) have
reported an absorption feature between 210 and 240 nm. They
note that various hydrocarbons and nitriles produce absorptions
in this wavelength range, but do not make a specific identification.
In earlier work, also with the Hubble Space Telescope,
Krasnopolsky (2001a,b) found that the mean geometric albedo
across the interval 200-250 nm is nearly constant at 0.22, but that
overall intensity variations attributed to rotational phase and the
episodic appearance of atmospheric haze occur. Krasnopolsky’s
(2001a) spectra do not reveal diagnostic surface absorption bands,
but he attributes the large brightness changes in the same spectral
interval as the Stern et al. (2012) absorption feature to the forma-
tion of strongly backscattering atmospheric haze particles in a glo-
bal weather-like phenomenon. Planetary spectra in the ultraviolet
region present special challenges of interpretation because of the
overlap and interplay of atmospheric and surface components,
the former of which can be variable on several time scales and spa-
tial scales. In the case of Pluto, at the present time we have no clear
picture of the surface compositional information contained in the
ultraviolet spectral region.

2.5. Non-ice component of Pluto’s surface

The ices detected spectroscopically on Pluto’s surface are color-
less, yet Pluto itself has a reddish color in the spectral region
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0.3-1.0 um (Bell et al., 1979; Barker et al., 1980; Buie and Fink,
1987). Photometry of the Pluto-Charon system by Reinsch et al.
(1994) showed that the colors of the combined pair averaged over
a full rotation are (B-V)=0.846 + 0.010 and (V-R) = 0.462 + 0.021.
The mutual events allowed a separation of the color of Pluto from
that of Charon; Binzel (1988) found (B-V)=0.867 £ 0.008 for the
anti-Charon-facing hemisphere and 0.700 + 0.010 for the Charon-
facing hemisphere. For the Sun, (B-V)=0.65 and (V-R)=0.54.
Thus, Pluto is reddish in color in the B-V interval, but the Pluto-
Charon pair is slightly blue in the V-R interval in these full pole-
to-pole global views of the respective hemispheres of Pluto and
Charon. The photometric colors are in general accord with the
spectral shape from Barker et al. and Bell et al. (Fig. 4), and with
the Buie and Fink (1987) spectra showing the Pluto-Charon pair
to be distinctly red from 0.58 to 0.90 pm.

The (B-V) color of Pluto has the longest timebase of measure-
ments of any color or spectroscopic information. From the interval
spanning 1953-2000, the color was seen to be constant to within a
few tenths of a percent. The invariability of this color is remarkable
in view of the fact that the 6.4-day rotational lightcurve varies by
30% (in its equatorial view) and the sub-solar latitude changed
from —57° in 1953 to +26° in 2000. Clearly the coloring agent is
ubiquitous over the surface, including both dark and bright
regions, and was not affected by any volatile transport or surface
modification that might have been active over this time. This
picture changed dramatically in 2002 when HST-based lightcurve
observations showed a global change in color to a redder
(B-V) =0.954, and that color persists to the present day. One addi-
tional change is that the color is no longer constant over a rotation
with a modulation between 0.92 and 0.98. A more complete dis-
cussion of these observations can be found in Buie et al. (2010b)
where this change was first noted. No detailed models exist to
explain these observations but are consistent with a picture where
the coloring agent is mixed into the upper surface layers with a
distinct unit that was deeper in the surface that has a greater abun-
dance of red material. These data lack sufficient spatial resolution
for more complex interpretations but it will be very interesting to
see if the uniformity of color is only at a large scale or if it is truly
fully mixed at all spatial scales. The data from the New Horizons
encounter will provide crucial data from which to further under-
stand the red non-ice material.
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Fig. 5. Two spectra of Charon showing H,O ice bands, including the 1.65-um
diagnostic band of hexagonal crystalline H,O ice. NH3 hydrate bands are shown at
2.0 and 2.21 pm. Dotted lines represent the difference between the two individual
spectra of Charon, and are small (within 5-10%, except in the region of the telluric
atmospheric absorption (~1.8-2.1 pm). The gray line was for a Charon sub-Earth
longitude of 242° and the black line was 188°. The anti-Pluto hemisphere is 180°.
From Merlin et al. (2010). Courtesy Elsevier.

The red component of Pluto’s surface is generally attributed to
some non-ice material, possibly the relatively refractory product
of the irradiation of the ices by solar ultraviolet light and/or
galactic cosmic rays. The solar UV flux that includes UV-A, UV-B,
and UV-C (100-400 nm) at Pluto’s mean heliocentric distance
(39.3AU) is 5.63 x 103 eV cm 25!, while the cosmic ray flux
deposits 6.9 x 10°eVcm s~ ! and the solar wind (e”, H™, He")
energy flux is 2.6 x 10® (Madey et al., 2002). Thus, the UV energy
flux at Pluto’s distance greatly exceeds the cosmic ray flux, but
the tenuous atmosphere is opaque to UV throughout most of Plu-
to’s presumed seasonal atmospheric density cycle, and therefore
the principal energy source for processing the surface materials
is expected to be cosmic rays, with a small possible contribution
by charged particles in the solar wind. Ultraviolet processing of
Pluto’s atmospheric components produces other molecules that
precipitate to the surface, including C,H,, C4H,, HC3N, HCN, and
C,Hg, which in their monomolecular forms are also colorless (e.g.,
Krasnopolsky and Cruikshank, 1999).

Laboratory studies of the irradiation of ice mixtures relevant to
Pluto with both UV and charged particles have been described by
Bohn et al. (1994), Moore and Hudson (2003), Moore et al.
(2003), Wu et al. (2012, 2013), Palumbo et al. (2004), Brunetto
et al., 2006), and have demonstrated the synthesis in the solid
phase of a large number of C, H, O-bearing molecules, including
hydrocarbons, nitriles, radicals, and anions, some of which may
survive in the temperature regime of Pluto’s surface. The Wu
et al. (2012, 2013) experiments show that the same basic suite of
molecules and radicals is formed from the same starting ice mix
whether the energy source is UV or electrons. Wu et al. noted that
some of the volatile products of their irradiation experiments
might account for the absorption observed in the interval 210-
240 nm in Pluto’s UV spectrum observed by Stern et al. (2012).
Bohn et al. (1994) emphasize the potential importance of the reac-
tive molecule CH,N,; (diazomethane) that results from UV irradia-
tion of ice mixtures of N,, CHy, and CO. These experiments were
focused on the volatile irradiation products, and the more refrac-
tory complex residue was not collected for analysis. We consider
the refractory residue question below.

Ultraviolet and electron irradiation of mixtures of ices found on
Pluto (CHy4, N3, CO, C;Hg) produces a lightly yellow-colored residue
that is stable at room temperature (Materese et al.,, 2014). This
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residue contains carboxylic acids, aliphatic structures and HCN
(probably as a polymer), but very little aromatic material. This
refractory residue is potentially relevant to a large number of
transneptunian objects that have ices of CHy, N», and CO. The UV
opacity of Pluto’s tenuous atmosphere of CH, shields the surface
from solar ultraviolet light, but electrons penetrate the atmosphere
and interact with the surface ices. As noted above, numerous rad-
icals and other molecular fragments are produced at the low tem-
perature of the laboratory experiments, and probably persist to
some degree at Pluto’s surface temperature.

Chemically and structurally complex refractory residues from
the irradiation of mixtures of gases and ices of planetary relevance
have become familiar as tholins (e.g., Khare et al., 1984; Imanaka
et al., 2004, 2012; Coll et al., 1999; Quirico et al., 2008), which have
colors ranging from yellow to orange to brown. The colors and low
reflectances of organic materials are controlled by unsaturated
bonds created when energetic photons and charged particles break
up molecules that then recombine and cross-link with some degree
of polymerization. Further absorption of energy causes carboniza-
tion, which darkens the solid material and eventually gives it a
black color. Moroz et al. (2004) have further explored the solid-
state physics of ion irradiation of complex organic mixtures.

Tholins are readily made in gaseous mixtures of nitrogen and
hydrocarbons by energy deposition from sparks, corona discharge,
or cold-cathode discharge, but are much more difficult to produce
by the irradiation of ices in quantities suitable for analysis. Conse-
quently, there are relatively few published results for ice-phase
refractory materials. The complex refractive indices of some tho-
lins have been measured (e.g., Khare et al., 1984; Imanaka et al.,
2004, 2012), and have become essential components in the radia-
tive transfer modeling of the surfaces of many planetary bodies
(e.g., Cruikshank et al., 1998; Olkin et al., 2007). The general appli-
cability of tholins as coloring agents in planetary settings has been
discussed by Cruikshank et al. (2005). Poulet et al. (2002) demon-
strated that the choice of radiative transfer modeling technique
(e.g., the Hapke or the Shkuratov formulation) has a strong effect
on the amount of tholin required to add color to a planetary
surface.

Tholins produced by energy deposition in gaseous mixtures of
CH,4 and N; consist of yellow to brown material composed of amor-
phous and unstructured carbon, carbon nitrides, aromatic struc-
tures with varying degrees of order, and aliphatic structures in
the form of small side chains and bridging units. Formation at
low gas pressures (~10-30 Pa) tend to produce red-brown resi-
dues with large aromatic structures in greater abundance and with
more incorporated nitrogen than formation at higher pressures
(~70-160 Pa). The higher pressures yield a more yellow color with
less nitrogen in the aromatic rings and more saturated aliphatic
hydrocarbons (Imanaka et al., 2004). Further details on the compo-
sition and structure of tholins can be found in Quirico et al. (2008
and references therein). It should be noted, however, that while
organic refractory materials produced in the laboratory are useful
analogs to the color materials on planetary surfaces, the conditions
under which they are made do not accurately reflect the energetic
environment of Pluto or the other Solar System bodies on which
colored materials occur.

Complex organic materials are not the only naturally occurring
red-colored materials. Some minerals relevant to Solar System
bodies are red in color, although less so than the tholins; scattering
models incorporating mafic silicates (Mg-pyroxene) and phyllosil-
icates (serpentine) can reproduce the red colors of Trojan asteroids,
for example (Cruikshank et al., 2001; Emery and Brown, 2003).
Although the hemisphere-averaged geometric albedo of Pluto
through the visible spectral range is some 20 times larger than that
of Trojan asteroids, lightcurve modeling of Pluto indicates that
some regions of the surface have much lower albedo, approaching

the average albedo of the Trojans (~0.03 at 0.56 pm). This fact
raises the possibility that the lowest albedo regions on Pluto may
be colored by the presence of grains of mafic minerals and
phyllosilicates incorporated in the ice or isolated as a lag deposit
on or near the surface of the ice.

The color of Pluto is very nearly constant at all rotational
aspects, even though there is a ~30% brightness modulation with
rotation. The color is also constant with seasonal changes in the
sub-Earth latitude, as well as with the planet’s heliocentric dis-
tance. This is to say that the color has been quite constant for some
50 years, with the notable exception of the abrupt change in 2002
discussed above. Because most of Pluto’s light is reflected from the
bright surface materials, low-albedo surface components cannot
change the color very much, at least when averaged over an entire
hemisphere, as observed from Earth.

Germane to the issue of Pluto’s color, Grundy (2009) has pro-
posed an alternative view to the genesis of red organics by irradi-
ation or precipitation on the surface of an icy body. He shows that
if micrometer and sub-pm presolar grains of complex organics pre-
served from the interstellar medium are incorporated in the ice,
the gradual concentration toward the surface can impart red color-
ation to the body as the ice evaporates or is preferentially ejected
in impacts.

In addition, Clark et al. (2008) has found that a brightness peak
in the blue spectral region on many satellites of Saturn can be
understood as Rayleigh scattering caused by nanometer-size parti-
cles on the surface ice known to exist on these bodies. The color is
neutral if the particles are carbon, but are distinctly red if the par-
ticles are neutral or oxidized iron. Spectrophotometric data of suf-
ficient quality to reveal a potential Rayleigh scattering peak on
Pluto have not yet been obtained.

In the cases of Pluto (and Triton), where there is an exchange of
material between the surface and atmosphere on seasonal or other
timescales, neither the Clark nor the Grundy mechanisms would
seem to be effective, and the surface exposures of red colored min-
erals may similarly be seen as unlikely. We are thus left with the
likelihood that the in situ genesis of complex organic materials pro-
duced in the surface ices and in the atmosphere constitute the
major non-ice component on Pluto. These materials are produced
continuously because the supply of nitrogen, hydrocarbons, and
energy is unending.

3. Charon
3.1. Ices detected on Charon: H,0 and hydrated NH3

Charon was discovered in 1978, just a few years in advance of
the epoch of mutual transits and occultations with the planet.
Although at that time the planet and the satellite could not be
resolved from one another for conventional spectroscopy of Charon
alone, Buie et al. (1987) and Marcialis et al. (1987) used a subtrac-
tive technique during the mutual events to isolate the spectrum of
Charon. The low-resolution spectrum in the wavelength interval
1.5-2.5 um (13 spectral points in the Buie et al. work) clearly
showed the absorption due to water ice at 1.55, 2.0, and 2.4 pm,
but with no indication of methane ice, in contrast to Pluto.

Optical techniques improved and eventually enabled the first
spectra that could resolve Charon’s signal from that of Pluto. The
first results confirmed the Buie et al. (1987) and Marcialis et al.
(1987) results and better defined the H,O-ice bands at 1.5, 1.65,
and 2.0 pum (Brown and Calvin, 2000; Buie and Grundy, 2000;
Dumas et al., 2001) that are globally distributed. Notably, the
higher-resolution spectra obtained by these investigators clearly
showed the 1.65-um ice band indicative of crystalline H,O,
although at the low temperature of Charon (T<50K) the
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amorphous phase was expected. An additional band at 2.21 pm
was attributed to ammonia hydrates (NHs;-nH,O0; Brown and
Calvin, 2000; Buie and Grundy, 2000; Dumas et al., 2001;
Verbiscer et al., 2007). Merlin et al. (2010) tentatively detected
the ammonia hydrate absorption feature at 2.0 pm.

H,0-ice can exist in three phases: amorphous, cubic crystalline,
or hexagonal crystalline (Cruikshank et al., 1998; Jenniskens et al.,
1998; Schmitt et al., 1998). Amorphous ice has three broad features
in the near-infrared at 1.5, 1.56 (that blend together to form one
wide band) and at 2.0 um. Crystalline ice is distinguished by an
additional feature at 1.65 um. While the near-infrared bands
are the easiest to measure on the surfaces of outer Solar
System bodies, they are in fact the intrinsically weakest ice
bands as they are overtones and combinations of vibrations at
longer wavelengths (Gerakines et al., 2005; Hudgins et al., 1993;
Ockman, 1958).

It is, in fact, quite astonishing that with very few exceptions all
of the solid bodies in the Solar System beyond Mars where H,0 ice
has been detected spectroscopically show the presence of the crys-
talline phase, although the prevalent low temperatures (T < 135 K)
and the expected (lower) temperatures of condensation indicate
that the amorphous phase should be dominant. The widespread
occurrence of crystalline H,O ice on very cold bodies in the outer
Solar System remains to be explained.

Mastrapa and Brown (2006) showed that ion irradiation of crys-
talline ice produces defects at the molecular level, changing the
diagnostic spectral features to give the appearance of amorphous
ice without actually changing the bulk structure. Mastrapa et al.
(2006) further explored the temperature and radiation effects on
amorphous and crystalline H,O-ice and found that the near-infra-
red features of crystalline H,O-ice are strongly temperature
dependent, in accord with the extensive study of the crystalline
(hexagonal) bands by Grundy and Schmitt (1998). In particular,
the 1.65-um feature becomes weaker when heated and grows
stronger when cooled, and the 2-pum band shifts to shorter wave-
lengths with higher temperature. Amorphous ice displays spectral
changes when deposited above or below 70 K, but otherwise no
clear changes with temperature were seen in the Mastrapa et al.
(2008) study. The amorphous and crystalline phases are spectrally
indistinguishable at 170 K (Mastrapa et al., 2006).

In the mid-infrared, absorption bands are also dependent on
deposition temperature, and the changes are most prominent for
the 3-pm band. For crystalline ice, there are three bands at 3.0,
3.1 and 3.2 pm that make up the absorption feature, while for
amorphous ice there is a single feature centered at 3.1 um.
Mastrapa et al. (2009) find that at 3 um, the amorphous band
and the 3.1- and 3.2-pum bands of crystalline ice gradually grow
stronger and shifts to longer wavelength when deposited at higher
temperatures. Clark et al. (2012) noticed important differences
between their laboratory spectra and spectrum models calculated
with the Mastrapa et al. (2009) optical constants over the 3.2-
5.0 um range and at the same temperature. Clark et al. (2012)
modified the constants in this region to obtain a better fit to the
laboratory data, and used the modified constants in a study of
the spectra of several satellites of Saturn.

Amorphization of crystalline H,O-ice by irradiation is also tem-
perature dependent. At low temperatures (<50 K) the irradiated
crystalline spectrum looks similar to amorphous ice, but at higher
temperatures (>50K) the crystalline feature at 1.65 pm is still
present (Moore and Hudson, 1992; Strazzulla et al., 1992;
Mastrapa et al., 2006).

In the first L band (3.0-4.1 um) observations of Charon,
Protopapa et al. (2008) detected a broad H,O0 ice signature. They
found that the standard model from Buie and Grundy (2000) con-
sisting of an intimate mixture of 60% H,0 ice with 40% of a neutral
continuum absorber adequately matches their spectrum out to

4 um, except that the component must absorbs less beyond
3.2 pm than predicted in the standard model.

Krasnopolsky (2001a,b) presented the first ultraviolet spectra of
Charon from Hubble Space Telescope data in the range
225-330 nm, finding that the geometric albedo across this range
is very nearly constant at 0.23. He searched for ultraviolet absorp-
tion bands of CO,, NH3, and SO, ices, but found none, noting that
the upper limits for these molecules are high and nonrestrictive.
Neither were UV bands of H,0 ice detected in this spectral region,
although the presence of H,O is well established.

3.2. Nature and distribution of NH3

The 2.21-pm absorption band seen on Charon was the first
detection of ammonia hydrate in the Solar System; its occurrence
had been predicted by Croft et al. (1988) and Kargel (1992). In
spectra of two opposite hemispheres of Charon (the Pluto-facing
and the anti-Pluto sides) Cook et al. (2007) found a shift of
0.014 pm in the 2.21-pum band position. They suggested that differ-
ent degrees of hydration of the NH3 could account for the wave-
length difference. A follow-up study with greater surface
coverage finds, instead, only weak variation in the position of the
2.21-pm band across the surface that could be due to varying con-
centrations of NH3 diluted in H,O (DeMeo et al., this issue). The
depth of the ammonia hydrate band displays weak spatial varia-
tion. Fig. 5 from Merlin et al. (2010) shows the spectrum of Charon
with the H,O ice and ammonia features indicated.

The presence of ammonia hydrate on Charon’s surface is sur-
prising because it should be quickly destroyed from irradiation
by ultraviolet light and charged particles (Strazzulla and
Palumbo, 1998; Cooper et al., 2003). Cook et al. (2007) investigated
the likelihood of a variety of mechanisms to maintain or resupply
ammonia hydrate on the surface including cryovolcanism, impact
gardening, and solid-state greenhouse or convection. They favored
cryovolcanism as the most plausible scenario, but the possibility of
the diffusion of NHs; from the interior into the surface H,O ice,
where it will undergo a hydration reaction, should be investigated.

3.3. Non-ice component of Charon’s surface

Globally, Charon’s albedo is significantly lower than that of
Pluto, and its color on the sub-Pluto hemisphere is nearly a neutral
gray, with the Binzel (1988) value of B-V=0.700+0.010
((B-V)sun =0.65). A more recent globally constant value of
(B-V)=0.7315+0.0013 was determined by Buie et al. (2010a).
The slight difference between these values can be attributed to
the wavelength dependence of Charon’s phase curve (Buie et al.,
2010a). At the photometric B band (0.44 pm), Tholen and Buie
(1990) give the geometric albedo of Pluto as 0.44-0.61, and that
for Charon 0.38. The near-infrared spectrum is more blue toward
longer wavelengths than would be expected for a mixture of crys-
talline water ice and ammonia hydrate, and neither pure H,O ice
nor NHs hydrate have low albedos. Another neutrally absorbing
component in the spectrum, perhaps similar to that seen on other
icy satellites (Buie and Grundy, 2000), is clearly indicated. Merlin
et al. (2010) suggest that the presence of an amorphous water
ice component of the surface could contribute to this blue spectral
trend, but in the end favor the presence of another surface constit-
uent in addition to the H,0 and NH3 hydrate(s).

4. Comparison with other outer Solar System bodies

Pluto has a handful of fellow members of the Kuiper Belt of
comparable size and composition. Pluto’s near twin is the trans-
neptunian object Eris. At 1163 £6 km across (Sicardy et al,



90 D.P. Cruikshank et al./Icarus 246 (2015) 82-92

2011), Eris is essentially the same size as Pluto, although its tem-
perature is lower throughout most of its orbit since it has a semi-
major axis of 67 AU, while Pluto’s semimajor axis is 39 AU. Eris has
no appreciable lightcurve, but its surface composition is strikingly
similar to that of Pluto, with a surface dominated by solid nitrogen
and smaller amounts of solid methane attributed to a pure compo-
nent and one diluted in the nitrogen (Brown et al., 2005; Licandro
et al., 2006a; Dumas et al., 2007; Merlin et al., 2007, 2009; Tegler
et al., 2010; Alvarez-Candal et al., 2011). In contrast to Pluto, on
Eris we cannot directly detect the presence of nitrogen because
at the low temperatures expected on the surface, nitrogen should
be in the a-phase, which has much narrower spectral bands than
the B-phase. Instead, shifts in the methane absorption bands indi-
rectly indicate dilution in nitrogen.

The transneptunian object Makemake is also methane-rich. In
fact, its surface is expected to be covered with essentially pure
slabs of methane because the absorption bands are saturated
(Licandro et al., 2006b; Brown et al., 2007a). Ethane is also seen
on Makemake’s surface, clearly visible as an expected irradiation
product of the methane (Brown et al., 2007a, 2007b). Other TNOs
with methane are Sedna and Quaoar, but their spectra are not
dominated by methane features (Barucci et al., 2005; Schaller
and Brown, 2007b).

Concerning the issue of pure methane ice, we refer the reader
back to Section 2.1 of this paper.

Charon, with a radius of 604 km (Sicardy et al., 2006), is compa-
rable to the mid-sized TNOs and the four largest uranian satellites,
and at the level of our understanding does not exhibit unique char-
acteristics. The occurrence of the crystalline phase of water ice is
widespread in the Kuiper Belt (Barkume et al., 2008; Guilbert
et al,, 2009). The mid-size objects that have diameters around
1000 km and greater are bright enough to yield spectra of suffi-
cient quality to detect the characteristic 1.65-pm band of crystal-
line H,0, seen on Haumea (Trujillo et al., 2007), Orcus (de Bergh
et al., 2005), and Quaoar (Jewitt and Luu, 2004). Haumea is large
enough that we would expect it to retain ices more volatile than
water, such as methane or ammonia, and their absence is sus-
pected to be due to the major collision that created the Haumea
family (Brown et al., 2007b). Quaoar resides in a transition region
for volatile retention (Schaller and Brown, 2007a), and a few weak
absorption features indicate the presence of some methane and
ethane (Schaller and Brown, 2007b). Orcus could be considered
Charon’s closest twin as it has strong crystalline ice absorption,
and also a distinct 2.21-pum absorption band that is attributed to
ammonia hydrate (de Bergh et al., 2004; Barucci et al., 2008).

New Horizons will give a close-up view of Charon’s geology and
its possible spectral variegation, and will provide a sensitive test
for the presence of an atmosphere. The New Horizons investigation
may reveal unique characteristics of Charon, possibly related to its
proximity to Pluto, but at the very least it will provide an impor-
tant baseline for the interpretation of the physical properties of
other outer Solar System bodies and overall similar surface and
bulk compositions.

Many of the icy satellites of the giant planets have strong crys-
talline H,0 ice bands that resemble those of Charon (e.g., Calvin
et al., 1995; Grundy et al., 1999; Filacchione et al., 2012). The most
similar are the regular uranian satellites Oberon, Titania, Umbriel
and Ariel, although none have the 2.21-um band of ammonia
hydrate, and all but Oberon have measurable amounts of CO, on
their surfaces (Grundy et al., 2006).

5. Conclusions

Advances in detection technology, powerful spectrometers,
space-based facilities, and the advent of very large ground-based

telescopes have enabled great progress in unveiling Pluto and its
system of satellites since the earliest diagnostic observations in
the late-1970s. Adaptive optical techniques with the largest tele-
scopes facilitate the spectroscopic study of Pluto and Charon
separately, enabling detailed study of distinctly different composi-
tions on these two bodies. Both Pluto and Charon show surface
inhomogeneity in the distribution of their respective ices, and sub-
tle but clear secular changes in the infrared spectrum of Pluto have
been detected. These effects and their understanding are at the
frontier of current studies of the Pluto-Charon system, and by
implication, the numerous similar bodies that compose the Kuiper
Belt and indeed the entire transneptunian object population. At the
same time, laboratory studies of ices of H,0, N,, CH4, C;Hg, CO, and
other species over a range of temperatures and structural phases
have provided a firm basis for the detection and identification of
the principal neutral components of the solid surfaces of both Pluto
and Charon, as well as the larger transneptunian population. Radi-
ative transfer modeling using the complex refractive indices
derived for the known ices have given insight into the way the ices
are mixed, both vertically in the uppermost surface layers and geo-
graphically on a large scale.

The nature of the coloring material on both Pluto and Charon
remains to be clarified through additional astronomical and space-
craft observations, supported by laboratory measurements of the
effects of the space environment on the ices already identified. It
has been clearly shown that complex radiation chemistry occurs
at Pluto temperatures when the known ice components are
exposed to ultraviolet light and to charged particles, but the exact
pathways from ices to colored material are not yet understood.New
Horizons will not only reveal the surfaces of Pluto and Charon in
unprecedented geographic and spectroscopic detail, and together
with corresponding data on the atmosphere, will stimulate new
laboratory studies and modeling efforts. The knowledge of the
Pluto-Charon system gained through the New Horizons investiga-
tion will quickly propagate to further elucidate the physical prop-
erties of the vast number of varied icy bodies in the outer Solar
System. That new insight will, in turn, bring new understanding
of the corresponding bodies in the many planetary systems cur-
rently being discovered in neighboring regions of the Milky Way,
and by extension, throughout the Galaxy.
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