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The clear angular separation of Pluto and Charon from ground-based telescopes has been enabled by
improved technology, particularly adaptive optics systems. Near-infrared spectral data have revealed
Charon’s surface to be rich in crystalline water ice and ammonia hydrates. In this work, we search for
spectral differences across Charon’s surface with new near-infrared spectral data taken in the K-band
(2.0–2.4 lm) with SINFONI on the VLT and NIRI on Gemini North as well as with previously published
spectral data. The strength of the absorption band of ammonia hydrate is dependent on the state of
the ice, concentration in H2O, grain size, temperature and exposure to radiation. We find variability of
the band center and band depth among spectra. This could indicate variability of the distribution of
ammonia hydrate across Charon’s surface. If the spectral variation is due to physical properties of Charon,
the New Horizons flyby could find the concentration of ammonia hydrate heterogeneously distributed
across the surface. Comparison between this work and New Horizons results will test the limits of
ground-based reconnaissance.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Charon is the largest moon of the dwarf planet Pluto, located at
Neptune’s 3:2 mean-motion resonance in the Kuiper Belt. At the
time of the Pluto–Charon mutual eclipse events (while the orbital
plane of Pluto and Charon was aligned with the line-of-sight from
Earth from 1985 until 1990), observers were able to distinguish
color and compositional differences between Pluto and Charon,
identifying H2O-ice on Charon’s surface (Buie et al., 1987;
Marcialis et al., 1987; Binzel, 1988). The first spectra that could
clearly separate Charon’s light from Pluto without the aid of occul-
tation revealed a surface rich in crystalline water–ice (Brown and
Calvin, 2000; Buie and Grundy, 2000; Dumas et al., 2001). A weak
feature detected at 2.21 lm is also present on the surface and is
suggested to be due to ammonia hydrate (Brown and Calvin,
2000; Buie and Grundy, 2000; Dumas et al., 2001; Cook et al.,
2007; Verbiscer et al., 2007). An additional weak feature at
2.0 lm assumed to also be due to the presence of ammonia
hydrate was detected by Merlin et al. (2010).

Charon can be compared with mid-size Transneptunian Objects
(TNOs) in the 1000 km diameter size range. A handful of TNOs dis-
play prominent features at 1.5, 1.65, and 2.0 lm indicating a sur-
face dominated by crystalline water–ice including Orcus
(Fornasier et al., 2004; de Bergh et al., 2005), Quaoar (Jewitt and
Luu, 2004), and Haumea (Trujillo et al., 2007; Dumas et al.,
2011). Many icy satellites of the outer planets also have water–
ice features (e.g., Calvin et al., 1995; Grundy et al., 1999, 2006;
Clark et al., 2013). The best spectral analogs to Charon are the med-
ium-sized TNO Orcus and the Saturnian satellite Tethys that, like
Charon, have a distinct absorption feature at 2.21 lm (de Bergh
et al., 2005; Barucci et al., 2008; Verbiscer et al., 2008).

Each spectrum that has been measured thus far provides a
glimpse of the characteristics of a specific part of Charon’s surface.
Cook et al. (2007) find differences in the band position at 2.21 lm
suggesting different ammonia hydration states across the surface.
Dumas et al. (2001) detect the feature associated with ammonia
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on the leading side of Charon, but not the trailing side. Buie and
Grundy (2000) measure four spectra across the surface and find
weak spatial variation of H2O ice, with stronger absorption on
the leading hemisphere. They also note a neutrally absorbing com-
ponent past 2 lm similar to that seen on icy outer Solar System
satellites.

In this work we present new near-infrared spectral data at 3
locations on Charon’s surface from SINFONI on the Very Large Tele-
scope (VLT) and 1 from the Near InfraRed Imager (NIRI) on Gemini
North. We compare all high spectral resolution, high signal-to-
noise ratio data available of Charon to determine how the
2.21 lm feature varies across the surface.
2. Observations

Here we present new near-infrared spectral data at 4 locations
on Charon’s surface, 3 from SINFONI on the VLT and 1 from NIRI on
Gemini North. Previously published data included in this work are
from Brown and Calvin (2000), Buie and Grundy (2000), Dumas
et al. (2001), Cook et al. (2007), Verbiscer et al. (2007), Merlin
et al. (2010). Observing and reduction information is contained
therein. Below we describe observation and data reduction proce-
dures for unpublished data.
1 http://www.mpe.mpg.de/�ott/QFitsView.
2.1. SINFONI, VLT

Observations of Charon and Pluto were performed using the
SINFONI instrument (Spectrograph for INtegral Field Observations
in the Near Infrared), installed at the 8.2-m European Southern
Observatory (ESO) VLT, Unit 4 at Paranal Observatory. As described
in Dumas et al. (2007) SINFONI is an image slicer integral field
spectrometer (Eisenhauer et al., 2003; Bonnet et al., 2004) with a
field-of-view split into 32 image-slitlets that reflect onto small
plane mirrors before being re-directed toward the selected grating.
The 32 spectra are then re-imaged on a 2048 � 2048 pixel Hawaii
2RG (1–2.5 lm) near-infrared detector. We used the H + K spectral
grating (resolving power R � 1500) covering both H and K bands
simultaneously (1.4–2.4 lm), and a spatial scale of
12.5 � 25 mas/spaxel (0.800 � 0.800 field-of-view). With this small
field-of-view, we were able to take separate observations of Pluto
and Charon.

Data were taken on May 13, June 9, and August 9, 2005. Total
exposure times for each night were 5 min for Pluto and 25 min
for Charon (the analysis of Pluto was published in DeMeo et al.
(2010)). Observations were taken under clear sky conditions, at air-
masses less than 1.15 and seeing generally one arcsecond or less.
Solar analogs were observed each night to correct for telluric fea-
tures. The detector was aligned in the Pluto–Charon direction.
For observational conditions and circumstances, see Table 1. For
the coordinates reported, the north pole follows the angular
momentum vector and the sub-Earth longitude is zero at the
sub-Charon (or sub-Pluto) point and decreases in time, following
the IAU recommendation (Archinal et al., 2011).

Reduction was performed using the ESO SINFONI pipeline com-
bined with custom IDL procedures. First the data were corrected
for bad lines created from bad pixels located among the four
non-illuminated edge pixels at the beginning and end of each
row. Master darks, master flats, bad pixel maps, and wavemaps
were created within the SINFONI pipeline. We improved the mas-
ter bad pixel map by combining the pipeline output with a more
sensitive map created from an IDL routine. Xe–Ar–Kr lamps were
used for wavelength calibration, and as part of the SINFONI pipe-
line, a wavelength map was computed to derive a direct correspon-
dence between pixel position and wavelength. Determining the
orientation and position of each spectrum on the detector enabled
the reconstruction of an image-cube of the original field-of-view. A
sky spectrum was taken nearby before or after observing the object
to correct for sky background.

The slices within each image cube were then realigned using an
IDL routine that calculated the location of the maximum signal
using a 2-D gaussian and shifting it to a center pixel. This align-
ment allows a smaller aperture to be used when extracting the
spectra. We extracted test spectra before and after alignment to
be confident that the alignment did not introduce artifacts to the
data. A second sky correction was performed by finding the median
sky value for each slice within an annulus after rejecting the high-
est and lowest 10%, and subtracting that median value from the
entire slice. The spectra were then extracted from the individual
data cubes using QFitsView, the 3D-visualisation tool developed
at the Max Planck Institute for Extraterrestrial Physics (MPE) for
SINFONI.1 The individual spectra were corrected for the remaining
bad pixels and divided by the solar analog spectra. The Charon data,
having more than one spectrum per night, were then combined and
normalized to the mean value between 1.7 and 1.75 lm.
2.2. NIRI, Gemini

Charon was also observed with the 8-m Gemini telescope on
Mauna Kea. K-band (2.0–2.4 lm, R � 600) spectra were obtained
on 2008 May 30, June 5, and June 18 UT with NIRI (Hodapp
et al., 2003) with the Altair adaptive optics (AO) system. The data
were reduced using in-house IDL programs. Prior to extracting
the 1-D spectrum, the data were pretreated to remove several elec-
tronic patterns. These patterns become more apparent when the
data are read-noise limited. We removed three patterns: (i) bias
offsets, (ii) banding and (iii) striping. The bias differences were
estimated by taking the median of the unilluminated portion of
each quadrant. The four median values were averaged and a con-
stant was added to each quadrant so the median background
equals the average value. Banding is a 16-pixel wide pattern seen
in the spectral images that runs perpendicular to the spectrum.
The pattern is measured in each quadrant and removed. Striping
is an alternating pattern that is parallel to the spectrum. The inten-
sity of the alteration is sensitive to the flux incident on a given
pixel. This striping pattern was measured in each quadrant and
removed.

The extraction of the 1-D spectrum generally followed the
method of optimal extraction by Horne (1986). This method is
most useful in the extraction of low signal-to-noise (SNR) data
and can result in a final SNR that is equivalent to a 70% increase
in the exposure time. Our optimal extraction routine used esti-
mates for the read-noise (10 e�), dark current (0.75 e�/s/pix) and
gain (12.3 e�/ADU) to produce errors for each point of the array.
The errors were then used to weight each pixel and then the spec-
trum was extracted from the image.

The method of extraction diverged from Horne (1986) for sky
subtraction. Instead of modeling the sky after masking out the
objects’ spectral beam, we used a 2-D spectrum of the objects at
the opposite dither position. By analyzing image differences, we
accurately removed dark current and most of the sky flux. How-
ever, the difference image had a read-noise
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greater than a sin-
gle spectral image. Since the data were not read-noise limited, the
greater read noise had a minor adverse impact on the final
spectrum.

To maximize the effect of optimal extraction, it is important to
map out the location of the spectral beam, known as the trace, in
the 2-D image. We estimated the trace of the object by finding
the maximum signal in each column, and fit a third order polyno-



Table 1
Observational circumstances for 2.21 lm absorption feature measurements on Charon.

Date (UT) Time (UT) Angular separationa Sub-Earth pointb 2.21 lm Band parameters Instrument Author

Long. Lat. Center Depth Width Area

1998 March 17 19:10 0.7 234 24 – – – – HST NICMOS Buie and Grundy (2000)
1998 March 27 12:00 0.7 48 24 – – – – HST NICMOS Buie and Grundy (2000)
1998 May 28 19:10 0.5 334 24 – – – – HST NICMOS Buie and Grundy (2000)
1998 June 07 7:10 0.7 321 22 – – – – HST NICMOS Buie and Grundy (2000)
1998 June 11 13:01 0.9 82 22 – – – – HST NICMOS Dumas et al. (2001)
1998 June 14 14:56 0.9 268 22 – – – – HST NICMOS Dumas et al. (2001)
1999 May 28 10:20 0.8 358 26 – – – – Keck NIRC Brown and Calvin (2000)
2005 May 2 7:36 0.8 59 37 – – – – Magellan CorMASS Verbiscer et al. (2007)
2005 May 13 6:37 0.6 161 37 2.2093 ± 0.0010 �0.0418 ± 0.0047 0.0176 ± 0.0025 0.00078 ± 0.00014 VLT SINFONI This work
2005 June 09 3:22 0.9 88 36 2.2093 ± 0.0015 �0.0238 ± 0.0041 0.0187 ± 0.0041 0.00047 ± 0.00013 VLT SINFONI This work
2005 August 09 23:14 0.6 203 35 2.2090 ± 0.0008 �0.0515 ± 0.0044 0.0203 ± 0.0022 0.00111 ± 0.00015 VLT SINFONI This work
2005 August 26 5:19 0.7 7 35 2.2072 ± 0.0004 �0.0615 ± 0.0030 0.0149 ± 0.0009 0.00097 ± 0.00008 Gemini NIRI Cook et al. (2007)
2005 September 11 5:16 0.5 185 37 2.2088 ± 0.0003 �0.0734 ± 0.0028 0.0189 ± 0.0009 0.00148 ± 0.00009 Gemini NIRI Cook et al. (2007)
2008 April 12 9:40 0.8 243 42 2.2116 ± 0.0015 �0.0513 ± 0.0086 0.0186 ± 0.0039 0.00102 ± 0.00027 VLT SINFONI Merlin et al. (2010)
2008 April 13 8:40 0.6 188 42 2.2095 ± 0.0008 �0.0482 ± 0.0038 0.0218 ± 0.0022 0.00112 ± 0.00014 VLT SINFONI Merlin et al. (2010)
2008 May 30c 12:52 0.8 50 42 2.2078 ± 0.0010 �0.0365 ± 0.0032 0.0224 ± 0.0026 0.00087 ± 0.00013 Gemini NIRI This work
2008 June 05c 12:26 0.9 73 42 ’’ ’’ ’’ ’’ Gemini NIRI This work
2008 June 18c 10:19 0.8 65 41 ’’ ’’ ’’ ’’ Gemini NIRI This work

a The angular separation between Charon and Pluto in arc sec.
b For the coordinates reported, the north pole follows the angular momentum vector and the sub-Earth longitude is zero at the sub-Charon (or sub-Pluto) point and decreases in time.
c The spectra from May and June 2008 were combined and analyzed as one.
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mial to a standard star spectrum. The coefficients for the high
(greater than zeroth) terms were applied to the spectral image of
Pluto and Charon and the zeroth order term was determined from
the profile of each object.

We determined the wavelength calibration by identifying night
sky lines. We estimated that the wavelength calibration is accurate
to 0.03 and 0.10 pixels (with a wavelength dispersion of 7.09 Å/
pix), depending on the spectrum and wavelength. The standard
star observations, which ranged in airmasses similar to the obser-
vations of Charon, were used to model the telluric and solar
absorption spectrum at the airmass of the Charon observations.
These models were used to convert the Charon spectra to albedo,
correct for telluric and solar absorption and correct for instrument
response by dividing Charon by the model. A weighted average
spectrum of Charon was then obtained. Additional data of Charon
taken with NIRI in 2005 used in this work were first analyzed in
Cook et al. (2007).
2.3. CorMASS, Magellan

Charon’s near-infrared spectrum (0.8–2.5 lm) was measured
on May 2, 2005 with the spectrometer CorMASS (R �300) while
it was a visiting instrument at the 6.5-m Magellan telescope at
Las Campanas Observatory in Chile. Even without adaptive optics,
Pluto and Charon were spatially resolved in the CorMASS slit
because their separation was �0.800 and the seeing was �0.400 0 at
the time of data acquisition. Although Pluto and Charon were spa-
tially resolved in the CorMASS slit, Charon’s spectrum was
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Fig. 1. Near-infrared measurements of Charon in the 2.2 lm spectral region obtained b
measured spectral data are in black with gaussian fits drawn as a red, dashed line, with
center. The bottom panel of each plot shows the residual of the gaussian subtracted from
marked at the top of each plot. Differences in the characteristics of the band are visually a
that location (see Table 1). (For interpretation of the references to color in this figure le
minimally contaminated by flux from Pluto. To remove this con-
tamination, we subtracted 2.5% of Pluto’s flux from that of Charon.
These data were originally reported in Verbiscer et al. (2007).
3. Results

To calculate band parameters for the absorption feature at
2.21 lm we use an IDL program created by Carry et al. (2011)
and designed to fit Gaussians to potential features in designated
wavelength regions. A least squares minimization (Markwardt,
2009) is used to find the best-fit center, width, and depth of the
bands. The results of the Gaussian fits to the 2.21 lm band are
listed in Table 1, and plots of the fits are shown in Fig. 1.

While the 2.21 lm band is clearly detectable in the data pub-
lished by Brown and Calvin (2000), Buie and Grundy (2000),
Dumas et al. (2001), Verbiscer et al. (2007), the low resolution
(R 6 300) and signal-to-noise ratios (SNR) are not sufficient to
characterize the band at a level of detail comparable with higher
spectral resolution data discussed in this paper. Nonetheless, taken
together, all of the observations allow us to confirm the presence of
the band at all measured locations (Fig. 2).

The 2.21 lm band can be confidently characterized for the
higher spectral resolution and high SNR data published in Cook
et al. (2007), Merlin et al. (2010), and this work. The band center,
depth, area, and width are plotted with their 1-r error bars in
Fig. 3. While the band centers for the leading and anti-Pluto sides
of Charon are all consistent, the center is at a shorter wavelength
on the sub-Pluto side compared with anti-Pluto. The band center
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y SINFONI on the VLT and NIRI on Gemini North over the years 2005 to 2008. The
these fit values reported in Table 1. The vertical line marks the position of the band
the data. The observation date and longitude at which each spectrum was taken are

pparent. The spectrum marked at longitude 60 is a combination of three spectra near
gend, the reader is referred to the web version of this article.)



Fig. 2. Direct comparison of multi-longitude measurements on Charon in the 2.2 lm spectral region offset for clarity. The longitude and data reference for each spectrum is
marked on the right of the figure (also noted in Table 1). Black and gray colors are for clarity. Variations in the presence or near-absence of the 2.21 lm feature are apparent
among the sampled longitudes. The spectrum marked at longitude 60 is a combination of three spectra near that location (see Table 1).
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for the measurement taken at a longitude of 7 degrees differs from
the mean by >4r and two other points differ by >1r. The band cen-
ter for the trailing side is at a longer wavelength than the other
spectra, although the error bar for that point is larger. If the trend
is true, then the band center increases with increasing longitude
and we would expect the band center to decrease from longitudes
270 to 360 where we have no data of sufficient quality. Cook et al.
(2007) find a significant band center difference between the spec-
tra taken on Charon’s sub-Pluto (2.1995 lm) and anti-Pluto surface
(2.2131 lm). A new reduction and analysis performed in this work
reveals that the band center of the sub-Pluto data from Cook et al.
(2007) is much closer to the values for the other spectra in this
work, though it is still positioned at the shortest wavelength. If this
datapoint is excluded, the argument for band center variability is
substantially reduced.

The FWHM (full width at half maximum) is roughly consistent
among all data within the errors except for the datapoint on the
sub-Pluto side that is significantly narrower than most points
(>4r from the mean). The band area is related to the band width
and depth so we do not discuss band area separately. We find
the band depth reaches a minimum between longitudes of 90
and 180 and stays relatively constant throughout the rest of the
surface. The three data points between 0� and 90� longitude differ
from the mean by >8, 3, and 6r, respectively. Of the three measure-
ments taken near 180�, one has a significantly greater depth. At
this location the band depth increases from the May to September
2005 measurements and then decreases in the 2008 measurement.
It seems unlikely that such a notable change could be caused by
physical changes on such a short timescale. While plausible sce-
narios exist for increasing the amount of ammonia hydrate on
the surface, ammonia hydrate cannot be destroyed on such short
timescales (Moore et al., 2007). The data clearly indicate spectral
variability, however, with the small size of the current dataset
we cannot be certain this variability is due to real physical proper-
ties or is due to artifacts unaccounted for from the measurement or
reduction process. For example, one possible explanation for the
depth discrepancy is there could potentially be contamination by
methane from Pluto at that band position increasing the band
depth, although contamination was not seen in the analysis by
Cook et al. (2007) and all the other band parameters for that spec-
trum are consistent with other measurements here.

In the case that the changes in the spectral features are due to
physical properties of Charon’s surface, we investigate the meaning
of the variability through spectral models. To test the effects of
concentration of NH3 diluted in H2O (1% and 3% NH3:H2O) and
grain size on the 2.21-lm band we create multiple synthetic spec-
tra based on radiative transfer models (Hapke, 1981) using optical
constants derived in Bauer et al. (2002) based on data by Brown
et al. (1988). The optical constants were derived using the tech-
nique from Clark and Roush (1984). The band depth is affected
by both concentration and grain size. Our measured results are
most consistent with 1% concentration. Grain size typically affects
band depth (large grains cause deeper absorptions), so we model a
range of grain sizes (30–180 lm). The models created from
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Fig. 3. Measured characteristics of the 2.21 lm spectral feature on Charon as a
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different grain sizes result in band depths that span the entire
range of measured depths in our observational data. The FWHM
is relatively unchanged when varying concentration and grain size
and all the models are consistent with our measurements thus pro-
viding no additional constraints. We find the band center is unaf-
fected by grain size, but that the band center shifts to longer
wavelengths with higher concentrations of ammonia hydrate, as
shown in laboratory work by Moore et al. (2007). The band centers
we measure are in fact at even shorter wavelengths than for the 1%
concentration model.

Laboratory work suggests that the shift in band center with lon-
gitude could indicate varying concentrations of ammonia hydrate
(Moore et al., 2007). The variations seen in band depth could be
due either to changes in concentration or grain size or both. It is
not necessary to include any other additional chemical compound
to explain the characteristics of the 2.21-lm absorption band, but
we cannot rule out the possibility. The band characteristics also
change as a function of temperature, irradiation, and hydration
state (along with mixtures of ammonia and water, there are three
types of ammonia hydrates; dihydrate NH3�2H2O, monohydrate
NH3�H2O, and hemihydrate 2NH3�H2O, Strazzulla and Palumbo,
1998; Moore et al., 2007), however there is not sufficient informa-
tion available about these different states to distinguish their
effects.

Because ammonia hydrate is not stable on the surface of med-
ium-sized icy bodies such as Charon, cryovolcanism and solid state
convection are two plausible mechanisms (Cook et al., 2007) to
replenish ammonia hydrate on the surface from the interior. If this
is true, then the variation of Charon’s 2.21 lm band may allow
identification of more or less geologically active regions of the sur-
face. For example, if the spectral differences are due to physical
properties of Charon’s surface, it is possible that the regions where
measured spectra have deeper bands are more active and have
recently exposed ammonia hydrate to the surface.

4. Conclusion

Near-infrared spectra acquired at various locations on Charon’s
surface show that a band at 2.21 lm attributed to ammonia
hydrate is ubiquitous. We find that the band depth and center vary
across Charon’s surface although the FWHM remains relatively
constant. If the spectral variability is due to physical properties,
the regions with band centers at longer wavelengths likely have
higher concentrations of ammonia hydrate. Regions with deeper
bands could also be due to higher concentrations if linked with
band centers at longer wavelengths. In regions where the deeper
band is not correlated with longer wavelength band centers, the
depth could be due to larger grain sizes. Because of the limited
available ground-based data, we cannot be certain the spectral var-
iability is due to real physical surface properties as opposed to
unaccounted for artifacts in the observing and reduction process.
These data will serve as test for the limits of ground-based recon-
naissance. The detailed maps that will be created from the New
Horizons flyby in 2015 will shed light on the Charon’s surface
properties and whether they vary across the surface.
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