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ABSTRACT

We present new albedo spectra of Triton and Pluto-Charon, covering the 2.8-4.1 um wavelength range at
a spectral resolution of ~60. The new data reveal three strong CH, ice absorption bands, as well as additional
absorption around 2.9 and 4.1 um in the spectra of both bodies, which we tentatively attribute to widely dis-
tributed H,O ice, along with CO, and/or SO; ices. Since these species are nonvolatile at typical Triton and
Pluto surface temperatures, widespread distribution of any of them in volatile-rich regions challenges current
understanding of the surfaces of Pluto and Triton, in which more volatile, mobile ices are thought to be segre-
gated from less volatile species. Our data suggest that small, nonvolatile ice particles on Triton and Pluto
may be undergoing redistribution by aeolian transport in seasonal sublimation winds.
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1. INTRODUCTION

Most of what is currently known about the surface com-
positions of Pluto and Triton has been derived from spec-
troscopic observations at wavelengths ranging from the
visible to 2.5 um, where ices such as N,, CHy, CO,, CO, and
H,O exhibit distinctive patterns of vibrational overtone
absorption bands (e.g., Cruikshank et al. 1993; Owen et al.
1993; Schmitt et al. 1998; Douté et al. 1999; Quirico et al.
1999; Cruikshank et al. 2000). At continuum near-infrared
wavelengths between absorption bands, grains or fractures
in surfaces composed of these ices efficiently scatter incident
sunlight, facilitating remote observation of the contrast
between bands and continuum wavelengths. The observa-
tions are modeled by means of multiple-scattering radiative
transfer models, typically those of Hapke (1993) and Douté
& Schmitt (1998). Based on this approach, the general pic-
ture that has emerged over the past two decades is one in
which volatile N ice is in vapor-pressure equilibrium with a
nitrogen-rich atmosphere. Solar heating drives N, ice subli-
mation, followed by recondensation in regions currently
receiving less sunlight. This volatile transport probably pro-
duces complex, seasonally varying patterns of N, ice distri-
bution. Other volatile ices such as CH4 and CO are partially
soluble in N, ice, but being less volatile, they are preferen-
tially left behind when N, sublimates. On Pluto, CHy is suffi-
ciently abundant to saturate N, ice, and a significant
fraction of the observed CH4 on Pluto exists as CHy ice 1
(Owen et al. 1993; Doute¢ et al. 1999), rather than strictly as
a minority solute in N; ice, as it does on Triton (Cruikshank
et al. 1993; Quirico & Schmitt 1997a; Quirico et al. 1999).
The behavior of CO ice is less well constrained, since it has
fewer near-infrared absorption bands than CH4. However,
recent observations show that CO on Pluto’s surface is dis-
tributed differently from N, and CHy ices (Grundy & Buie
2001).

The seasonal cycles of volatile transport are thought to
take place on a relatively immobile substrate of nonvolatile
ices, the composition of which includes H,O and CO, on

1 Visiting Astronomer at the Infrared Telescope Facility, which is oper-
ated by the University of Hawaii under contract with NASA.
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Triton (Cruikshank et al. 1993; Quirico et al. 1999; Cruik-
shank et al. 2000). Pluto’s substrate composition is less cer-
tain, but it probably includes H,O ice (Grundy & Buie
2002). Additionally, various complex carbonaceous and
nitrile species are thought to occur on Triton and Pluto,
resulting from photolysis and radiolysis of simpler, more
volatile molecules (e.g., Delitsky & Thompson 1987; Bohn
etal. 1994).

Relatively few observations have been undertaken at
wavelengths longer than 2.5 um because of difficulties aris-
ing from decreasing solar flux, increasing telluric sky bright-
ness, and scarcity of suitable instrumentation. However,
longer wavelengths offer several potential advantages. The
fundamental vibrational transitions of many ice species are
located in this region. Their absorptions are much stronger
than the overtone transitions observed shortward of 2.5 um,
opening the possibility of detecting additional minority spe-
cies, as well as better constraining the distributions of
known ices. Many strong, narrow gas-phase absorptions
occur in this region as well, offering the possibility of
directly measuring atmospheric compositions, if spectra can
be obtained with sufficient spectral resolution.

Spencer, Buie, & Bjoraker (1990) obtained photometric
observations of Pluto and Triton through four filters span-
ning the 2.8-4 um range. They found strong absorption
around 3.2 um, consistent with the v3 absorption band of
CHy ice, but the spectral resolution of the data was insuffi-
cient to yield additional compositional constraints beyond
what had already been ascertained from shorter wavelength
observations (e.g., Buie & Fink 1987; Cruikshank et al.
1989).

2. OBSERVATIONS

Observations of Triton and Pluto-Charon were obtained
during 2000 July 18-22 UT at NASA’s IRTF (Infrared
Telescope Facility) on Mauna Kea, using the newly com-
missioned SpeX infrared spectrometer (Rayner et al. 1998).
This instrument/telescope combination provides high-
throughput, simultaneous recording of medium spectral res-
olution spectroscopy over a broad wavelength range, at an
excellent infrared observing site. With these capabilities, we
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TABLE 1
MIDOBSERVATION CIRCUMSTANCES

SuB-EARTH (deg)

PHASE ANGLE INTEGRATION TOTAL
UT DATE OBJECT (deg) Lon. Lat. (min)
2000 July 18.35....... Pluto 1.40 182 +24.6 169
2000 July 18.45....... Triton 0.31 256 —50.0 64
2000 July 19.34....... Pluto 1.42 126 +24.6 130
2000 July 20.34....... Pluto 1.44 70 +24.6 194
2000 July 21.31....... Pluto 1.46 15 +24.6 159
2000 July 21.39....... Triton 0.22 76 —-50.0 51
2000 July 22.26....... Pluto 1.48 322 +24.6 78

were able to realize enormous gains in spectral resolution
and signal precision compared with earlier efforts to observe
Pluto and Triton at 3-4 gm. We used the 2-4 um cross-dis-
persed mode of SpeX, which covers the K and L atmospher-
ic transmission windows with six overlapping spectral
orders. Midobservation circumstances appear in Table 1.
Groups of target object observations were interspersed with
groups of observations of solar analog stars BS 6060, 16
Cyg B, and Hyades 64.

Our software and procedures for spectral extraction have
been described elsewhere (Grundy et al. 1999; Buie &
Grundy 2000). Briefly, we used numerical profiles deter-
mined from observations of bright solar analog stars to per-
form optimal extraction (Horne 1986) from our spectral
images of the stars, as well as from the much fainter obser-
vations of Pluto-Charon and Triton, all of which were
obtained at the same two slit locations. Guiding on light
reflected from the slit jaws enabled us to keep objects reli-
ably centered in these two regions. We nodded back and
forth between them at intervals ranging from 1 to 2 minutes.
Spectra of solar analogs spanning a wide range of air masses
were used to compute nightly wavelength-dependent extinc-
tion functions, which were used to correct all spectra from
observed to zenith air mass. Groups of spectra for each tar-
get object were then robustly combined (robust estimation
reduces sensitivity to outlier data, e.g., Buie & Bus 1992;
Press et al. 1992), eliminating spurious data arising from
defects in individual spectral images. These combined spec-
tra were divided by similarly combined solar analog star
spectra to produce spectra proportional to disk-integrated
albedos. Scaling to geometric albedo was based on overlap
between K-band portions of our spectra and recent, abso-
lutely calibrated spectra from the literature (Cruikshank et
al. 2000; Buie & Grundy 2000; Grundy & Buie 2002). Wave-
length calibration was based on spectra of an internal arc
lamp, as well as telluric absorption and emission lines and
has a precision ranging from +0.0004 gm at 2 um to
+0.0008 um at 4 um, instrument flexure being the primary
source of uncertainty. To overcome the extreme feebleness
of the signal from Pluto and Triton in the L band, we binned
our spectra using a 6\ = 0.03 um grid, so uncertainties in
wavelength calibration are negligible in the resampled
spectra.

3. ANALYSIS

Grand average L-band spectra are shown in Figure 1.
The new data are broadly consistent with earlier observa-
tions (indicated by gray points from Spencer et al. 1990).
The most prominent features evident in the new spectra of

both Pluto and Triton are strong CH4 absorptions near 3.3,
3.5, and 3.8 um, corresponding to methane’s v3, vy + vy,
and 2v, vibrational transitions, as indicated in the figure.
Synthetic spectra were computed with a multiple scatter-
ing radiative transfer model (Hapke 1993), using parameters
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FiG. 1.—Grand average spectra of Pluto-Charon and Triton (black
circles) compared with Spencer et al. (1990) data (gray squares), recent the-
oretical models (gray curves), and the wavelengths of three CHy I bands.
The models were computed from parameters presented by Douté et al.
(1999) for Pluto, Buie & Grundy (2000) for Charon, and Quirico et al.
(1999) for Triton. The separate contributions of Pluto and Charon models
are shown, as well as their sum. Charon’s contribution is minimal at these
wavelengths. In the bottom panel, a ratio between solar analog stars
observed at 1.84 and 1.15 air masses illustrates telluric transmission
behavior.
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from recent near-infrared models of the surfaces of Pluto
(Douté et al. 1999, “ Ryen” model), Charon (Buie &
Grundy 2000), and Triton (Quirico et al. 1999, “best”
model). Species used in these models include CHy ice I (opti-
cal constants from Trotta 1996; Grundy, Schmitt, & Quirico
2002), H,O ice I}, (optical constants from Trotta 1996), CO,
ice (optical constants from Hansen 1997), 3 N, ice (modeled
as n=1.22, k=0), and CO ice (optical constants from
Legay-Sommaire & Legay 1982; Quirico & Schmitt 1997b;
Grundy & Buie 2001). These models are shown as gray
curves in Figure 1. In gross form, the models match the
observations, particularly with respect to the three broad
CH, ice absorption bands mentioned earlier. Just as at
shorter infrared wavelengths, Pluto’s spectrum exhibits
deeper CH,4 bands than Triton’s does. Indeed, Pluto’s 3.3
um CHy4 band is so strongly saturated that it displays the
broad, flattened bottom predicted by the Douté et al. (1999)
model.

Our model spectra made use of optical constants for pure
CH4 I, even for CH4 molecules isolated in Nj ice, a wide-
spread phenomenon on Pluto and Triton (e.g., Quirico &
Schmitt 1997a). Diluted in N, the absorption bands of CHy
shift toward shorter wavelengths. Unfortunately, optical
constants for the v, v, + 14, and 2v4 bands of methane
diluted in the 8 N, ice phase are not available. One can get a
rough idea of what size shift to expect from the following
lines of evidence. In colder « nitrogen ice, the shift on dilu-
tion of the CHy4 v3 band is about 0.02 um relative to the
band’s location in pure CHy I (Ewing 1964; Quirico &
Schmitt 1997a). For CH4 bands observed in both o and 3
nitrogen by Quirico and Schmitt (1997a), the shifts were
generally smaller in the 5 N,. Extrapolating from observa-
tions of shifts in 3 N, of 19 CH4 bands at wavelengths
between 1 and 2.5 um (Quirico & Schmitt 1997a), one
obtains expected shifts in the range of 0.01 um for the 3-4
um CHy bands. A shift of this magnitude would be smaller
by a factor of 3 than our wavelength grid, so it should be
barely discernible in our data, if present. Indeed, there does
seem to be a slight shift, at least in the Pluto data. Higher
spectral resolution observations are needed to confirm the
presence of this shift and could potentially provide valuable
constraints on the vertical structure of ices on Pluto and Tri-
ton. These absorption bands probe a very shallow surface
layer compared with the weaker near-infrared CH4 bands.
Comparison between the shifts of strong and weak CHy
bands could thus reveal if methane is most concentrated at
the surface, as envisioned by Trafton, Matson, & Stansberry
(1998) or if its concentration increases below the surface, as
predicted by Grundy & Stansberry (2000).

Both models differ from the observed spectra in several
wavelength regions, predicting less absorption than is
observed between 2.85 and 3.15 um and also beyond ~3.6
um. Additional absorbers are apparently present on the sur-
faces of Pluto and Triton, reducing albedos in these wave-
length regions. We first consider what might be responsible
for the shorter wavelength absorption and then turn to the
longer wavelength absorption.

In the vicinity of 2.9 um, Triton’s albedo is significantly
lower than Pluto’s, and both are lower than the model spec-
tra. Both spectra show blue spectral slopes between 2.8 and
3.1 um. H,O ice absorbs strongly in this region, as do com-
plex organics, such as tholin-type radiolysis/photolysis resi-
dues (e.g., Khare et al. 1984, 1989; McDonald et al. 1993).
The Quirico et al. (1999) Triton model shown in Figure 1

PLUTO AND TRITON 2275

already contains considerable quantities of H,O ice, cover-
ing 45% of the surface in an intimate mixture with CO; ice.
Likewise, Charon’s 22% of the total Pluto-Charon surface
area is covered with H,O ice. In spite of the presence of H,O
ice in these models, they predict insufficient absorption
around 2.9 um, because H,O in the models is restricted to
only a fraction of each surface. To match the new data, H,O
must either be intimately mixed into much of the remaining
surface regions of Pluto and Triton (regions also containing
N, and CHy ices) or else those regions lacking H,O ice must
contain appreciable quantities of some other absorber, per-
haps akin to tholin.

The presence of tholin has long been expected from the
reddish visible-wavelength colors of Triton and Pluto (e.g.,
McEwen 1990; Thompson & Sagan 1990; Grundy & Fink
1996) and from the effects of photolysis and radiolysis on
CH,4 and N, in the surfaces and/or atmospheres of Pluto
and Triton (e.g., Delitsky & Thompson 1987; Stern, Traf-
ton, & Gladstone 1988; Hudson & Moore 2001).

Figure 2 shows the effect of adding small quantities of Tri-
ton tholin (Khare et al. 1994) or H,O ice to volatile-rich
regions in the Douté et al. (1999) and Quirico et al. (1999)
models (H,O ice in previous models was restricted to
regions lacking volatile ices). The models in this figure were
produced by adding 0.02% tholin or 0.001% H,O ice, dis-
persed at the molecular level within the N, and CHy4 ices of
the Pluto and Triton models by means of linear combina-
tion of optical constants. As can be seen in Figure 2, even
these minute quantities of tholin or H,O dispersed in vola-
tile-rich regions introduce substantial absorption around
3 um. However, the tholin provides a poor spectral match in
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F16. 2.—Observations compared with models having Triton tholin (sol/id
curves) or H,O ice (dashed curves) added to regions composed of volatile
ices in the Douté et al. (1999) and Quirico et al. (1999) models from Fig. 2
(dotted curves).
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this wavelength region, since it absorbs too strongly at
wavelengths shorter than 3 um, relative to its absorption
between 3 and 3.2 ym. For this particular model configura-
tion, we can place approximate limits of <0.005% tholin in
N,-CHy4-CO and CHy terrains on both Pluto and Triton, if
it is distributed uniformly (however, heterogeneous distri-
butions could permit much higher tholin abundances).
These tholin quantities are consistent with amounts
required to produce the observed red slopes at visible wave-
length and have little or no effect on near-infrared reflectan-
ces. Evidence of tholin abundance from 3 um and from
visible wavelengths appear to be mutually consistent, but
the addition of currently available tholin optical constants
to existing models is not sufficient to explain the observed 3
um spectral profile of either body.

The addition of H,O ice to volatile-rich regions of the
Pluto and Triton models produces a much better match to
the observed spectra than the tholins did. However, the mix-
ture of H,O ice and volatile ices is difficult to reconcile with
the generally accepted picture of volatile N,, CHy, and CO
moving about on a substrate of refractory species like H,O
(e.g., Spencer et al. 1997). In the absence of other processes,
volatile transport should efficiently segregate volatile from
nonvolatile species.

At wavelengths longer than ~3.6 um, the models also
diverge from the spectral data, predicting albedos consis-
tently higher than we observed. This discrepancy becomes
quite severe beyond about 3.95 um, suggesting the presence
of a previously unreported absorption band in this region.
That Triton’s albedo approaches zero near 4.1 um indicates
that whatever absorber is responsible must have a nearly
global distribution. Unfortunately, our spectra only extend
to 4.1 um because of the grating setting we used for our
observations, so we could not precisely determine the shape
or central wavelength of the putative band. Relatively few
species exhibit strong absorption near 4 um without also
absorbing strongly at other near-infrared wavelengths. Two
molecules that do have bands at 4.1 yum are CO, and SO,,
both of which are nonvolatile at Pluto and Triton surface
temperatures, so as with H,O ice, their global distribution
would be unexpected in light of the prevailing picture of N,
and CH4 volatile transport. However, CO, definitely does
exist at least regionally on Triton’s surface, having been
detected from weaker, shorter wavelength absorption bands
(Cruikshank et al. 1993). CO, is included in the nonvolatile
regions of the Quirico et al. (1999) model we employ here,
but since CO, only occurs on 45% of Triton’s surface in the
model, it does not produce sufficient absorption to explain
the 4 um observations, as shown in Figure 1. Unlike CO,,
SO, has not been definitively detected on Triton or Pluto,
but it has been suggested as a possible explanation for the
shape of Pluto’s UV spectrum (Stern 1993).

The spectral consequences of adding CO, or SO, to vola-
tile-rich regions are explored in Figures 3 and 4. These fig-
ures show models produced by adding CO, or SO, to
volatile-rich regions of the models having finely dispersed
H,O ice in Figure 2. Optical constants for SO, ice were
obtained from Schmitt et al. (1994) and from B. Schmitt
(2001, private communication). For Triton, 0.02% CO, or
SO, was added to the N,-CHy4-CO region. For Pluto, 0.2%
CO; or SO, was added to each model terrain containing
CHy,, and we replaced the bright, neutral terrain with pure,
fine-grained CO, or SO,. It should be noted that the Pluto
CO; model predicts observable CO, absorption bands near
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2 um. These bands are not seen (e.g., Fig. 4; Owen et al.
1993; Douté et al. 1999), so the Pluto/CO, model seems to
be ruled out, although perhaps a model based on a mixture
of CO, and SO, could still be consistent with the near-infra-
red data. For Triton, the CO, model also has difficulties,
producing considerably deeper absorption in the 2 ym CO,
bands than is observed. While the inclusion of CO, and/or
SO, improves the model fits to the 4 um observational data,
neither species provides a perfect match in that region
either. In particular, additional absorption is needed
between 3.6 and 3.85 um.

Finally, around 3.2 yum, both spectra show local maxima
that are not matched by the model spectra. These features
of the new data seem inconsistent with the Spencer et al.
(1990) Pluto-Charon photometry, leading us to somewhat
distrust our data in this wavelength region, which is also a
site of strong telluric absorption by gaseous CHy (see Fig. 1,
bottom). Additional observations are needed to verify if
these apparent features are spurious or real.

4. DISCUSSION

The species we have added to volatile-rich regions of the
models described above (H,O, CO,, and SO,) are all nonvol-
atile at Triton and Pluto surface temperatures. Nonvolatile
species are not expected to be involved in the volatile trans-
port processes that rapidly redistribute N,, CHy, and CO
ices on Pluto and Triton, and thus they should tend to be left
behind in regions experiencing volatile loss and tend to be
buried under more mobile, volatile species in regions experi-
encing volatile deposition (e.g., Spencer et al. 1997). That
our models seem to require nonvolatile species to be widely
distributed in regions dominated by volatile species requires
explanation. Two possibilities come to mind.

First, we could be seeing evidence for aeolian transport
and subsequent incorporation of fine nonvolatile ice dust
particles into the more volatile ices when they condense in
the winter hemispheres of Pluto and Triton. Aeolian trans-
port of small dust particles was considered by Sagan &
Chyba (1990). They found that even an atmosphere as ten-
uous as Triton’s 16 ubars could move small, suspended dust
particles long distances, and that particles smaller than 5 um
could be lifted into suspension with expected surface wind
velocities if cohesion between particles is small. Dust par-
ticles could also be injected into the atmosphere via eruptive
processes, as observed on Triton (e.g., Soderblom et al.
1990). Optically, dust particles embedded in a volatile ice
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matrix would inefficiently scatter radiation, because the
contrast in refractive indices between the different ice species
is small. Additionally, dust particles comparable to and
smaller than the wavelength of incident light would be even
less efficient scatterers. Small dust particles could thus
impart their spectral absorption signature with little addi-
tional effect on radiative transfer within the icy surfaces of
Pluto and Triton, consistent with our simple modeling
approach.

Second, nonvolatile species such as H,O, CO,, and tho-
lins could be produced within volatile ice assemblages via
photolysis and/or radiolysis of atmospheric or surface CHy,
CO, and N, (e.g., Strazzulla, Calcagno, & Foti 2001;
Satorre, Palumbo, & Strazzulla 2001). If this mechanism
were the explanation for the wide distribution of nonvolatile
species, it would have important implications for rates of
production versus burial under more volatile species. Pro-
duction rates would have to be very high indeed to compete
with burial by volatile transport cycles that operate on sea-
sonal timescales.

5. CONCLUSION

We present new IRTF/SpeX infrared reflection spectra
of Pluto and Triton, covering the wavelength range 2.8-4.1
um. The new data exhibit strong CH4 absorption bands cor-
responding to the vs3, v, + 14, and 2v, vibrational transi-
tions. The data reveal additional absorption not predicted
by current models at wavelengths from 2.8 to 3.1 um and
from 3.6 to 4.1 um. We tentatively attribute the additional
2.8-3.1 um absorption to H,O ice and tholin in volatile-rich
regions, while the additional 4 um absorption could be due
to CO, and/or SO, ices in volatile-rich regions. These spe-
cies are all refractory at Pluto and Triton surface tempera-
tures, so one might expect them not to participate in
seasonal cycles of volatile transport and thus be segregated
from volatile ices, as assumed in earlier models. If they do
indeed occur in volatile-rich regions on Pluto and Triton as
the new data suggest, perhaps it is because they are being
transported as fine dust particles by seasonal winds.
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