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Solid Methane on Triton and Pluto: 3- to 4-um Spectrophotometry
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We report the first observations of a deep absorption feature centered near 3.25 um in
the reflectance spectra of Triton and the Pluto/Charon system (3.25/2.2 pm albedo ratio
= 0.28 = 0.07 on Triton and 0.04 = 0.10 on Pluto/Charon). The absorption is probably
due to solid methane, which is either the dominant surface species or is present in intimate
mixture with (or underlies) a very transparent material (such as N, frost) over most of the

visible surface of both objects.

Introduction. Methane was initially identified in
the Pluto/Charon system (Cruikshank et al. 1976) and
on Triton (Cruikshank and Silvaggio 1979), using ab-
sorption features in the reflectance spectrum at 1.7 and
2.3 um. Since then, the physical state (solid or gas) and
abundance of the methane has been the subject of much
debate.

Cruikshank and Apt (1984) considered Triton’s meth-
ane absorptions to be due to solid CH,, but Cruikshank
et al. (1989) noted that gaseous CH, was a better maich
to the 2.3-um absorption. Thompson (1989) suggested
that Triton’s broad but shallow CH, features shortward
of 1 wm indicated solid or gaseous CH, overlain by a
neutral scattering layer of haze or surface particulates.
A weak feature of 2.16 um was tentatively identified
with N,, also of uncertain physical state (Cruikshank
et al. 1984). Voyager 2 found Triton’s atmosphere to
be dominated by N, with CH, as a minor constituent
(Broadfoot et al. 1989). N, is apparently in vapor pres-
sure equilibrium with surface N, frost at about 37.5 K,
and CH, may be undersaturated in the atmosphere.
Even if both gases were in equilibrium with their ices
at 37.5 K, the CH,/N, molar ratio would be 7.9 x 10~*
(Brown and Zeigler 1980), with a CH, gas abundance
of 1.1 x 10~* m-am, far too small to be detected by IR
spectrophotometry. The methane features in Triton’s
spectrum must thus be due almost entirely to surface
frost.

In the Pluto system, Charon’s surface is dominantly

! Visiting astronomers at the Infrared Telescope Fa-
cility, which is operated by the University of Hawaii
under contract to NASA.

© 1990 Academic Press, Inc.

water ice (Marcialis et al. 1987, Buie er al. 1987). The
methane is thus largely restricted to Pluto itself, but its
physical state is not yet settled. Methane gas abun-
dance determinations have been hampered by the im-
precision of the random band models necessitated by
the complexity of the absorption bands shortward of 3
wm (Fink et al. 1977, Apt et al. 1981, Giver et al. 1988).
Buie and Fink (1987) used band models to derive a
maximum methane gas abundance of 5.6 m-am from
the absorptions shortward of 1 um, attributing the bal-
ance of the CH, absorption to frost. The deeper absorp-
tions at 1,7 and 2.3 wm have generally been attributed
to frost (Soifer et al. 1980, Cruikshank and Silvaggio
1980) though without accurate models of gas absorption
the evidence has not been conclusive.

The recent stellar occultation of Pluto (Elliot ef al.
1989) limits the total gas abundance in Pluto’s atmo-

TABLE 1

1988/89 MEAN GEOMETRIC ALBEDOS

491

Wavelength Triton Pluto/Charon
range (um)

1.22 = 0.14 0.66 = 0.01
1.63 £ 0.14 0.52 = 0.01
2.16 = 0.20 0.59 + 0.03 0.37 = 0.02
294 + 0.11 0.26 + 0.02 0.29 + 0.02
3.12 £ 0.11 0.15 = 0.02 0.11 = 0.02
3.24 = 0.11 0.16 = 0.04 0.02 + 0.04
3.77 = 0.33 0.33 = 0.04 0.19 = 0.03
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F1G. 1. The spectra of Triton and Pluto from 1 to 4 um. Vertical error bars are 1-o formal uncertainties
while the horizontal bars indicate the bandwidth (FWHM) of each filter. Solid lines indicate the best
available spectra at shorter wavelengths: for Triton, from 1988 (Cruikshank ez al. 1989) and (shortward
of 1.5 um) 1980/81 (Cruikshank and Apt 1984); and for Pluto, 1979 (Soifer et al. 1980, Cruikshank and
Silvaggio 1980) and 1982 (Cruikshank and Brown 1986). These spectra have been approximately scaled
to match our K photometry. (A) 1988 and 1989 observations shown separately (1989 points offset
slightly in wavelength for clarity). (B) Model comparisons to combined 1988 and 1989 data. The dashed
line shows a laboratory spectrum of an extremely fine-grained CH, frost spectrum at 60 K (Fink and
Sill 1982): because of instrumental effects in this FTS spectrum, the true depth of the frost 3-um feature
is probably greater than shown. The light solid line shows an apparently coarser-grained CH, frost,
with reported grain size <10 um and temperature of 77 K (Smythe 1975). Both are arbitrarily scaled.
The two CH, Gas model spectra on the Pluto plot assume one-way vertical CH, abundances of 0.64
and 13.1 m-am, and represent the range of possible gaseous CH, abundances on Pluto. All CH, spectra
are smoothed to similar spectral resolution. The CH, frost is the best match to the 3.25-um absorption
feature on both bodies, though a difference in the shape and depth of the feature indicates differences
in frost abundance and/or grain size between Triton and Pluto.

sphere. Assuming pure methane, the inferred CH,
abundance varies between 13 m-am (if the inferred
extinction layer has low normal optical depth and over-
lies a deep clear atmosphere, and Pluto’s density has
the high value of 3.0 g cm~?) and 0.64 m-am if the

surface is immediately below the deepest level probed
by the occultation. The abundance of methane gas
is smaller if other gases are present (e.g., Yelle and
Lunine (1989).

The 3- to 4-um spectral region provides a new win-
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dow on the nature of Triton and Pluto. It contains the
vy fundamental CH, absorption, centered at 3.31 um,
which is stronger than any of the shorter-wavelength
overtone bands studied previously. Models that ac-
count for this band will be better constrained than those
using shorter wavelength data alone, because they will
include bands with a wider range in intrinsic strengths.
The 3.31-um CH, absorption band is simpler than those
at shorter wavelengths and unlike them, has quantum
assignments for enough of its constituent lines to allow
accurate modeling of the gas spectrum at outer solar
system temperatures. The 3-um region is also the best
part of the spectrum to search for water ice, which
has its strongest absorptions here. The only previous
observations in this region are 1978 broadband mea-
surements at 3.5 uwm (L) and 3.7 um (Lebofsky ef al.
1979). Accordingly, we have obtained new low-resolu-
tion 3- to 4-um spectra of both bodies.

Observations. We used the 3.0-m Infrared Tele-
scope Facility on Mauna Kea, Hawaii, with a standard

InSb detector (‘‘RC-2"), standard J, H, K, and L'
filters, and three narrow-band filters covering the 3-um
region (Table I). Apertures used varied from 4 to 8
arcsec, and total exposures in the narrow-band filters
ranged from 30 to 80 min. UT dates, objects, and ob-
servers were: 1988/06/09,22,23, Triton, Spencer and
Buie; 1988/06/28,29, Pluto, Buie, 1989/06/02,24,25,
Triton and Pluto, Spencer.

For Triton in 1988, between K and 3.24 um, we used
the solar analog 58 Oph [also used by Cruikshank e? al.
(1989)] to monitor extinction and to model the solar
illumination on Triton. We also measured the K magni-
tude of 58 Oph by reference to other IRTF standards.
Taking the K magnitude of the Sun to be —28.25 (Cam-
pins et al. 1985) we determined geometric albedos for
Triton using the Voyager radius of 1350 km (Smith et
al. 1989). We obtained an L’ geometric albedo for Tri-
ton by direct calibration against IRTF standard stars,
using an L’ magnitude for the Sun of —28.27 (interpo-
lated between the L and M values in Campins et al.).
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The 1988 Pluto data were reduced with respect to the
standard star **87 Primary”’ used for mutual event ob-
servations (Tholen ef al. 1987), and converted to geo-
metric albedos using the solar analog 16 Cyg B and
IRTF standard stars and assuming an effective Pluto/
Charon combined radius of 1288 km (Tholen and Buie
1988). 1989 data for both objects were reduced with
respect to 58 Oph.

Agreement between the 2 years is excellent for both
objects (Fig. 1A). Figure 1B and Table 1 show the
combined 1988 and 1989 data. Triton shows a broad
absorption centered near 3.2 um. and Pluto, while
brighter at 2.95 um, shows a sharper and deeper feature
centered near 3.24 um, where we did not detect the
planet at all.

Interpretation: Atmospheric contribution. Voy-
ager observations have ruled out significant CH, gas
absorption on Triton, but the possibility remains open
on Pluto . We thus determined the possible contribution
of gaseous CH, to Pluto’s 3.2-um absorption, using a
line-by-line spectrum synthesis program (Kunde and
Maguire 1974). Methane line parameters are from the
1986 HITRAN database (Rothman et al. 1987). Line
intensities were derived from lab spectra recorded be-
tween 160 and 296 K (Toth er al. 1981). The strongest
CH, transitions are good to 2% but weaker lines may
be in error by 15 to 50% at 58 K. The model assumes
a clear atmosphere overlying a diffusely scattering uni-
form spherical planet. Monochromatic transmittances
are convolved to a spectral resolution of 50 cm™'. We
have ignored Charon in the model spectra, as it is
probably extremely dark between 2.9 and 3.3 um due
to its water ice surface and thus will contribute little to
the combined spectrum.

We show two synthetic spectra in Fig. 1B (bottom).
The one with the weaker absorption corresponds to the
Elliot et al. (1989) pure CH, isothermal model with
Pluto’s surface at 1142-km radius, just below the deep-
est level probed by the occultation: temperature is 67
K, total CH, abundance is 0.64 m-am, and surface
pressure is 2.8 upbar. The more absorbing spectrum
represents the maximum reasonable gaseous CH,
abundance on Pluto, with the surface at 1014 km radius,
a temperature of 58 K (Sykes ef al. 1987), a CH, abun-
dance of 13.1 m-am, and a surface pressure of 72 ubar.
Yelle and Lunine (1989), and Hubbard et al. (1990)
suggest that Pluto has a warm (106 K) stratosphere
above about 1190 km radius, with methane abundance
=< 65 mol%, a total abundance of = 0.2 m-am CH, at
this temperature. A synthetic spectrum generated from
this model is very similar to the 1142-km radius pure
CH, spectrum shown in Fig. 1B. Clearly, the Pluto
stellar occultation gaseous CH, abundance of = 13 m-
am can account for only a small fraction of the observed
absorption at 3.24 um.

Interpretation: Surface materials. Gaseous N, and
CO have no absorption features in the 3-um region,
and most other possible atmospheric species will be
frozen out on both bodies, so the 3-um absorption is
presumably due to surface materials. H,O, CO,, CO,
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and NH; ices cannot match the observed absorption.
CO, frost is bright between 2.88 and 3.27 uwm, CO has
no features between its 2.35- and 4.68-um absorptions,
and though both H,0 and NH; frosts have deep absorp-
tions here they are darker at 2.94 um than at 3.24 pm,
unlike Triton or Pluto (Fink and Sill 1982). However,
solid methane, thought to be responsible for the
shorter-wavelength absorptions, provides a good
match to the 3-um spectrum on Pluto, and also on
Triton except for the relative broadness and shal-
lowness of its 3-um absorption (Fig. 1B). Because the
absorption results from a C—H bond, many more com-
plex organic molecules also have an absorption feature
near 3.2 um (Pierson et al. 1956), but as these are likely
to be less abundant than CH,, and CH, provides a
good match to the shorter-wavelength absorptions, we
expect that it is also primarily responsible for the 3.2-
wm feature.

The shape of the absorption is quite different on each
body. Triton is brighter at 3.24 pm, but relative to 2.2
pm is much darker than Pluto at 2.94 um: the absorp-
tion on Triton is shallower, like the shorter wavelength
features (Fig. 1A), but broader. The shallowness of
Triton’s 3.25-um absorption may indicate decreased
frost purity, filling in of the band center by scattering
from overlying particulates (Thompson 1989), or a
smaller areal coverage of CH, frost on Triton (see be-
low). The greater breadth of the Triton feature at 3 um
may indicate a larger grain size than on Pluto, as the
breadth (but not the depth) of the Triton absorption
is best matched by the coarser grained Smythe frost
spectrum. Alternatively, small quantities of H,O or
NH,, mixed with the CH, frost on Triton but not on
Pluto, might account for Triton’s lower reflectance with
respect to K at 2.94 um.

The depth of the 3.2-um feature on Triton, relative
to the 2.2-um albedo, is 0.72 * 0.07. The lower limit to
the absorption depth, 0.65, implies that less than 35%
of the 2.2-um flux comes from material (such as pure
nitrogen frost) that does not decrease in reflectivity
between 2.2 and 3.2 um. The remaining = 65% of the
light probably comes from methane frost or transparent
material (such as N, frost) with enough intimately
mixed or underlying CH, to produce the observed 3.2-
wm absorption feature. Triton’s N, atmosphere can
only be maintained by the sublimation of a substantial
coverage of N, frost (probably seasonal) from the sunlit
hemisphere (Broadfoot er al. 1989, Stansberry et al.
1990, Spencer 1990). However seasonal N, frost, with
a probable CH, content similar to the atmospheric
abundance of =8 x 1073, is unlikely to have CH, spec-
tral features as strong as the CH, absorptions seen on
Triton (Spencer 1990). The existence of the atmosphere
despite the strong CH, spectral signature is thus an
important constraint on models of Triton’s surface/
atmosphere interaction.

Pluto’s lightcurve shows that visible-wavelength
photons reach the surface (Elliot ez al. 1989) so it is
highly probable that the same is true at 3.24 um, and
that we are seeing surface CH, frost rather than, for
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instance, a CH, haze layer. The inference of solid CH,
on the surface confirms conclusions based on rotational
variations in the CH, absorptions shortward of 1 pum
(Buie and Fink 1987), but it is firmer because of the
improved reliability of gaseous absorption models in
the 3-um region, and our new knowledge of the total
gas abundance.

Because no other likely surface components (other
than more complex organic molecules) drop sharply
in reflectivity between 2.95 and 3.25 um, and Pluto/
Charon is very dark at 3.25 um, most of the 2.95 um
flux comes either from methane ice or a transparent
material containing intimately mixed methane ice. The
geometric albedo of the Pluto/Charon system at 2.95
wm is 0.29 + 0.02 (Fig. 1B). Because 21% of the pro-
jected area of the system is occupied by Charon, which
is probably very dark from 2.95 to 3.25 um due to its
waterice surface, the 2.95-um geometric albedo of Pluto
alone is probably closer to 0.37. If the 2.95-um reflecti-
vity of the methane frost was 1.0, 37% of Pluto’s visible
surface would be covered in methane or methane-con-
taining material. More likely, the methane is darker and
surface coverage is correspondingly greater.

Conclusions. These observations reveal the deep-
est absorption feature yet found in the spectra of Triton
and Pluto. We identify it as the v; solid CH, fundamen-
tal. Its great depth suggests abundant CH, on the sur-
faces of both objects. If another species dominates their
surfaces, it must contain CH, in intimate mixture and
have sufficiently long pathlengths for 3.2-um photons
that most are eventually absorbed by CH, molecules.
On Triton an overlying optically thin CH-free scatter-
ing layer is also possible.
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