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ABSTRACT
We have obtained near-infrared spectra of the four brightest known Centaurs and of Ðve irregular

satellites of giant planets. Many of these objects show 1.5 and 2.0 km absorption bands indicative of
water ice, including 1997 Pholus, Phoebe (S9), and Nereid (N2). The satellites of JupiterÈElara,CU26,Himalia, and Pasaphae (J6, J7, J8)Èappear spectrally featureless, consistent with asteroidal origins for
these bodies. PhoebeÏs surface water ice indicates that it formed as an icy planetesimal rather than as an
asteroid.
Key words : Kuiper belt, Oort cloud È minor planets, asteroids È

planets and satellites : individual (Elara, Himalia, Nereid, Pasaphae, Phoebe)

1. INTRODUCTION

The isolated small bodies of the outer solar system
contain some of the least processed materials remaining
from the initial protosolar nebula. Whereas asteroids have
been substantially heated during and after formation,
comets are heated as they approach close to the sun, and
outer planet regular satellites presumably formed in higher
pressure nebulae surrounding the planets, isolated bodies
such as the Kuiper belt objects (KBOs) formed in the cold
low-pressure background nebula, which is most representa-
tive of the overall presolar chemical and physical condi-
tions.

Near-infrared spectroscopy o†ers the best method for
remote determination of the composition of the volatile
surface component of outer solar system bodies. Such
observations have shown the presence of CO,CH4, H2O,
and ices on Pluto (Cruikshank et al. 1987), these ices plusN2on Triton (Brown et al. 1995), and water ice on CharonCO2(Buie et al. 1987) and the moons of the outer planets. Unfor-
tunately, most KBOs are too small and too distant to
obtain adequate near-infrared spectra. To circumvent the
problems associated with the dimness of the KBOs, we have
obtained near-infrared spectra of Centaurs and irregular
satellites of the giant planets. Centaurs are the presumed
transition objects between trans-Neptunian KBOs and
short-period comets (see Levison & Duncan 1997) and are
on unstable orbits between the giant planets. Irregular
satellites are satellites on distant, possibly inclined and
eccentric orbits around their planets. They are assumed to
have been captured at some point in their history, though
their initial origin is unclear.

The Centaurs and irregular satellites are at closer helio-
centric distances than KBOs, so they are generally brighter
and spectra can be obtained more readily. Unfortunately,
their smaller heliocentric distances also imply higher tem-
peratures, so these objects su†er processing beyond that
experienced by KBOs. An example of volatile loss with
heliocentric distance is show in Figure 1 where we plot an
estimate of the time rate of sublimation of various ices,
calculated by assuming equilibrium between the
temperature-dependent vapor pressure of the ice (Lide
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1996) and the pressure of the escaping gas immediately
above the surface of the object. The Centaurs and irregular
satellites are unlikely to retain their most volatile ices, and
thus their compositions will reÑect a combination of initial
conditions and reactions to heating as the objects move
closer to the sun.

2. OBSERVATIONS

Observations of the Centaurs Chiron, Pholus, 1997
1995 GO, and the irregular satellites Himalia (J6),CU26,Elara (J7), Pasaphae (J8), Phoebe (S9), and Nereid (N2) were

obtained on four nights between 1998 March 7 and August
3 using NIRC, the facility near-infrared camera at the Keck
telescope (Matthews & Soifer 1994). A journal of the obser-
vations is given in Table 1. We identiÐed each object by its
motion with respect to background stars in direct K-band
images. With the telescope guiding at the predicted rate of
the object, we then placed the object into the spectral slit
and inserted the 120 line mm~1 grism and an H- through
K-band order sorting Ðlter into the light path, allowing us
to collect a spectrum in Ðrst order from 1.4 to 2.5 km at a
resolution of approximately j/*j\ 100.

Total integration time varied for each object, but the
observing procedure was identical. The spectra were
obtained by positioning the object in the center of the long
slit, integrating for 100, 200, or 300 s, and then o†setting the
telescope 5A and 10A north and then south and obtaining
similar exposures. For Pholus, Himalia, and Nereid, this
procedure was repeated. For each target a calibration spec-
trum of a nearby star at a similar air mass was also
obtained.

Data reduction was performed identically for each target.
First, a Ñat-Ðeld image was created by median-combining
multiple spectra of a di†usely illuminated dome spot and
subtracting a dark image obtained with identical integra-
tion times and the cold stop inserted in the Ðlter wheel. Next
we removed the curvature of the skylines with respect to the
detector columns by creating summed spectra every 16
rows, performing cross-correlations between the spectra to
measure the curvature, and shifting the two-dimensional
spectrum row-by-row to straighten the skylines. Typical
shifts at the extreme ends of the detector were usually one or
two pixels. We then di†erenced adjacent pairs of spectra to
remove the majority of the sky background, and we divided
by the Ñat Ðeld. Residual sky background in the subtracted
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TABLE 1

JOURNAL OF OBSERVATIONS

Datea Integration Time Slit Width Calibrator
Object (UT) (s) Air Mass (arcsec) (SAO/Spectral Type) Air Mass

Chiron . . . . . . . . . . . . . 03 Aug 0720 500 1.76È1.83 0.52 159027/A0 1.72
Pholus . . . . . . . . . . . . . 08 Mar 1040 2000 1.22È1.05 0.52 100912/A3 1.16È1.08
1997 CU26 . . . . . . . . . 07 Mar 0855 1000 1.03È1.05 0.52 098558/A2 1.10
1995 GO . . . . . . . . . . . 07 Mar 1324 1000 1.33È1.34 0.52 182160/A2 1.41
Himalia (J6) . . . . . . . 02 Aug 1114 2000 1.32È1.20 0.52 147039/A0 1.18
Elara (J7) . . . . . . . . . . 02 Aug 1213 1500 1.14È1.11 0.52 147039/A0 1.09
Pasaphae (J8) . . . . . . 02 Aug 1308 1500 1.09È1.08 0.52 147039/A0 1.09
Phoebe (S9) . . . . . . . . 02 Aug 1355 1500 1.13È1.09 0.52 147039/A0 1.09
Nereid (N2) . . . . . . . . 15 Jun 0342 3000 1.32È1.52 0.37 032071/G5 1.45

a All dates 1998.

FIG. 1.ÈSublimation rate of pure ices as a function of heliocentric
distance. The curves are truncated on the low heliocentric end when the
temperature reaches the melting point of the ice. The curve for isCH3OH
calculated by extrapolating from the vapor pressure of liquid methanol
and is therefore slightly higher than the true evaporation rate of solid
methanol ice.

FIG. 2.ÈNear-infrared spectrum and model of Chiron scaled to a value
of 1.0 at 1.8 km. Error bars show the uncertainty in the sky subtraction at
each wavelength. Systematic errors dominate over these random errors
(see text for details). The parameters r, q, and a are the heliocentric dis-
tance, the perihelion distance, and the semimajor axis of the object. The ice
fraction is the best-Ðt areal coverage of water ice.

FIG. 3.ÈNear-infrared spectrum and model of Pholus. The nonÈwater-
ice absorption features have been attributed to methanol or other light
hydrocarbons by Cruikshank et al. (1998).

image (resulting from changing sky background between
two adjacent exposures) was removed by measuring the
residual sky spectrum in 20 pixel-wide swaths above and
below the target and subtracting the average of these
spectra from every row of the spectrum. The object spec-

FIG. 4.ÈNear-infrared spectrum and model of 1997 CU26



FIG. 5.ÈNear-infrared spectrum and model of 1995 GO. An upper
limit of D1% ice fraction could be Ðtted within the noise of the data.

FIG. 6.ÈNear-infrared spectrum and model of Himalia (J6). The best-
Ðt ice fraction of 0.1% is consistent with zero. This spectrum is consistent
with an asteroidal origin for the Jovian irregular satellites.

FIG. 7.ÈNear-infrared spectrum and model of Elara (J7). The best-Ðt
ice fraction of 0.5% is consistent with zero.

FIG. 8.ÈNear-infrared spectrum and model of Pasaphae (J8). The best-
Ðt ice fraction of 0.6% is consistent with zero.

FIG. 9.ÈNear-infrared spectrum and model of Phoebe (S9). The pres-
ence of water ice on the surface of Phoebe demonstrates that it is a cap-
tured outer solar system body, rather than an asteroid.

FIG. 10.ÈNear-infrared spectrum and model of Nereid (N2). This spec-
trum shows the clearest evidence of the 1.65 km absorption present in
crystalline water ice but absent in amorphous ice.
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trum was extracted by summing 10 rows weighted by the
signal at each spatial position. Individual spectra were
examined by eye to remove bad pixels and all spectra of a
target object were summed to create the total spectrum.

Calibrator stars were reduced identically except that
exposures were so short that skylines were not visible, so the
spectral curvature was removed by using the curvature
from the most recently measured target star. The object
spectrum was then divided by the calibrator star spectrum
to remove the e†ects of telluric absorption. Most calibrator
stars were of earlyÈA spectral type, which are known to
have hydrogen Brackett absorption lines, with the strongest
at 1.61, 1.64, 1.68, 1.74, 1.82, 1.95, and 2.16 km &(LancÓ on
Rocca-Volmerange 1992). No apparent emission-feature
artifacts in the divided spectra are visible at these wave-
length. The wavelength scale was set by matching to the
known wavelengths of OH emission features in the night
sky. Finally, we converted this divided spectrum to a rela-
tive spectral reÑectance by multiplying by a blackbody
function at the temperature of the calibrator star and divid-
ing by a blackbody function at the 5770 K temperature of
the sun. The Ðnal spectrum shows the relative reÑectance of
the object when viewed with white light. The extracted
spectra are shown in Figures 2È10. Error bars show the
uncertainty in the sky subtraction at each wavelength. At
most wavelengths, the systematic errors due to slight wave-
length shifts and sky transparency changes between the
target and calibrator star dominate over the random sky
subtraction errors.

3. SPECTRAL MODELING

Many of the spectra of the Centaurs and irregular satel-
lites show the 1.5 and 2.0 km absorption features character-
istic of water ice. To quantify relative amounts of water ice
present, we attempt to model each spectrum as a simple
areal mixture of water ice and a dark spectrally featureless
component. As not all of our objects have measured
albedos, we simply model the relative reÑectance in all cases
and scale to a model value of 1.0 and 1.8 km. For water ice,
we calculate the spectrum from the laboratory optical con-
stants of Grundy & Schmitt (1998) assuming grain sizes of
10 km and temperatures appropriate for the blackbody
temperature at the objectsÏ distance. Hapke theory (Hapke
1991) is used to transform the optical constants to a reÑec-
tance spectrum. The dark component we model as a fea-
tureless but possibly slightly red or blue continuum. For
each model spectrum, we vary the fractional coverage of
water ice and the slope of the dark continuum to minimize
the residuals with the object spectrum. The numeric best-Ðt
value of fractional ice coverage is only meant to be taken as
an indication of the depth of the water absorption features ;
the models are no means unique and many di†erent com-
binations of water-ice grain sizes and mixing spatial scales
can be used to Ðt weak water-ice absorption features
(Davies et al. 1997). The best-Ðt two component models are
shown in Figures 2È10. Individual spectra and models are
discussed below.

4. DISCUSSION

4.1. Centaurs
Chiron. The spectrum of Chiron shows only weak evi-

dence for the presence of water ice (Fig. 2) ; we regard the
best-Ðt value of 0.5% surface coverage as, at best, an upper
limit to the presence of these absorption features. Previous

spectroscopy by Luu, Jewitt, & Cloutis (1994) also showed
Chiron to be spectrally Ñat, which they suggested could be
the result of activity on Chiron burying the icy surface.
Recently, however, Foster et al. (2000) have shown convinc-
ing evidence for a weak absorption at 2.0 km with a depth
of approximately 5%, which they attribute to water ice.
Their spectrum covers only the 1.6 to 2.2 km range, so they
cannot discern the 1.5 km band. The 2.0 km absorption is
consistent with the depression that is seen in our spectrum
at 2.0 km (indeed, if we include only the 1.6 to 2.2 km data,
our best model Ðt gives 4% water ice coverage), but our
spectrum, which reaches to 1.4 km, shows no evidence of the
1.5 km absorption that should be present for water ice.
Instead, a general downward trend is seen below 1.6 km,
which could possibly be due to both water ice and an addi-
tional absorber. All other spectra showing water ice,
however, distinctly show the upturn between 1.5 and 1.4
km.

The status and abundance of water ice on Chiron is
uncertain, but regardless of the precise amount, the water
ice spectral features on the surface of this Centaur are
clearly smaller than those of the Centaurs Pholus (Fig. 3)
and 1997 (Fig 4.), and the irregular satellite PhoebeCU26(Fig. 9). Chiron approaches closer to the sun than do these
other objects, so the additional heating could cause the
observed spectral characteristics. However, water ice should
not begin to sublime strongly until the object is well into the
inner solar system (Fig. 1). Nonetheless, Chiron had been
observed to be sporadically active much further from the
sun (Tholen, Hartmann, & Cruikshank 1988 ; Luu & Jewitt
1990), which is likely to have some e†ect on the optical
properties of its surface, though precisely what e†ect is not
clear. It is thus tempting to attempt to explain this dimin-
ished water ice signature as a consequence of activity in
Chiron, as the other objects with ice signatures have had no
activity detected. However, no convincing cause of this
diminishing surface water ice has yet been proposed.

Pholus. The spectrum of Pholus is unique in that it is the
only of the Centaurs to show clear evidence of an absorp-
tion feature other than those of water ice. Recent modeling
by Cruikshank et al. (1998) suggests that this feature could
be due to methanol ice on the surface of Pholus. Methanol
absorbs at 2.1 km, where our water-ice Ðt is bad, and more
strongly at 2.3 km, where the nonwater absorption appears.
As pointed out by Cruikshank et al., however, the 2.3 km
feature of pure methanol should actually be a doublet at
2.27 and 2.33 km, which does not appear in our data. More
complicated hydrocarbons will have features in roughly the
same places and a better Ðt is likely possible ; however, most
potential hydrocarbon ices have not had their near-infrared
spectral constants measured, so no deÐnitive identiÐcation
is possible. Methanol is abundant in interstellar medium
and cometary ices (van Dishoeck et al. 1993 ; Bockelee-
Morvan et al. 1990), so it is a likely component of an outer
solar system object. Methanol is only slightly more volatile
than water ice (Fig. 1) ; heavier hydrocarbons are even less
volatile. Such compounds are therefore able to survive at
the elevated temperatures experienced by Centaurs.

1997 The spectrum of 1997 shows theCU
26

. CU26clearest evidence of water-ice absorption of any of the Cen-
taurs. The spectrum of this object was modeled by Brown &
Koresko (1998) as a mixture of distinct surface areas of a
dark neutral substance and 3% water ice. Brown et al.
(1998) obtained an equally good model Ðt assuming an inti-
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mate mixture of a dark neutral substance with 67% water
ice. This large di†erence in inferred surface water ice abun-
dance is indicative of the enormous uncertainty in trying to
derive quantitative abundances from these types of spectra.
1997 is currently at a similar heliocentric distance asCU26Pholus and is only slightly larger in diameter than Pholus
(Jewitt & Kalas 1998), so a similarity between these objects
might be expected. The water-ice absorption bands on 1997

are similar in depth as those as Pholus, but 1997CU26 shows no hint of the 2.3 km absorption attributed toCU26methanol on Pholus. In addition, the visible spectrum of
1997 is approximately neutral, while that of Pholus isCU26extremely red (Barucci, Lazzarin, & Tozzi 1999). Clearly,
the two objectsÏ surface compositions are substantially dif-
ferent. The di†erence could be due to the objectsÏ di†ering
perihelion distances (13.1 AU for 1997 vs. 8.4 forCU26Pholus), but this possibility seems unlikely, as methanol
should not sublimate heavily at the distance of either
Pholus or 1997 The reason for a lack of methanol onCU26.1997 or any of the other objects remains unclear.CU261995 GO. The spectrum of 1995 GO appears featureless.
This was the faintest Centaur we observed, so the spectrum
has lower signal to noise than the others. We Ðnd that
water-ice features equivalent to 1% surface coverage would
be undetectable in our spectrum, but those as strong as the
ones on 1997 or Pholus would be clearly visible.CU26Dynamically, 1995 GO is similar to Chiron, in that it has a
close perihelion passage (6.83 AU). Like Chiron, 1995 GO is
likely to be active during perihelion passages, so if activity
on Chiron is responsible for its spectral characteristics, we
might expect similar characteristics on 1995 GO; visible
spectroscopy has shown that both of these objects are rela-
tively neutrally colored, with 1995 GO slightly more red
(Barucci et al. 1999). 1995 GO will go through perihelion
next in 2002 and should be monitored closely for signs of
activity beginning immediately.

4.2. Irregular Satellites
Himalia, Elara, Pasaphae (J6, J7, J8). The irregular

satellites of Jupiter are thought to be captured bodies.
Pollack, Burns, & Tauber (1979) suggest that the capture
occurred via gas drag in the proto-Jovian nebula and that
the sudden slowing of the parent bodies caused fragmenta-
tion, leading to groups of satellites. Two separate events led
separately to the prograde and retrograde groups of satel-
lites. Alternatively, capture could have occurred when two
objects collided and shattered within JupiterÏs sphere of
inÑuence, leading to the prograde and retrograde groups
(Colombo & Franklin 1971). Two of the observed spectra
are from the prograde group (J6 and J7) while the other is
from the retrograde group (J8).

The spectra of these objects show no hints of a water-ice
absorption feature or of any other feature. The spectra
appear similar to those of P- and D-class outer asteroid belt
and Trojan asteroids (Luu et al. 1994 ; Dumas, Owen, &
Barucci 1998). Radiometry of these objects has also shown
that their albedos are similar to those of these(a

v
D 3%)

types of asteroids (Cruikshank 1977), while the visible
spectra appear similar to C-class asteroids (Tholen &
Zellner 1984). All available evidence continues to suggest
that these satellites originated as typical outer asteroids
before collision and capture in the Jovian system.

Phoebe (S9). PhoebeÈunlike any of SaturnÏs other
satellitesÈmoves in a retrograde orbit, one which, more-

over, is distant and highly inclined. These unusual orbital
characteristics have led to a century of speculation that
Phoebe is an asteroid gravitationally captured into the
Saturnian system (Pickering 1899). By the late-1970s, tele-
scopes had become powerful enough to discern thatÈ
unlike the regular satellites of Saturn, which were bright
and found to be covered in water iceÈPhoebe appeared
dark, asteroid-like, and water-ice free (Degewij, Cruik-
shank, & Hartmann 1980). Further observations showed
that PhoebeÏs visible spectrum is consistent with those of
the C-class asteroids that populate the middle of the aster-
oid belt (Tholen & Zellner 1983), and a theory to explain
how asteroids could reach the orbit of Saturn was proposed
(Hartmann 1987). Low-resolution images from Voyager
provided conÐrmation that Phoebe has a low C-class
asteroid-like albedo of approximately 6% (Thomas et al.
1983).

The near-infrared spectrum of Phoebe, rather than
looking asteroid-like, however, is similar to that of 1997

showing clear indications of water ice. The albedoCU26,and visible spectrum of Phoebe are also similar to those of
1997 That Phoebe resembles a Centaur rather thanCU26.an asteroid should come as no surprise ; the frequent
passage of Centaurs past Saturn should have provided
many opportunities for capture. Permanent capture of such
a body, however, requires some sort of energy dissipation.
Two possible forms of dissipation for the capture of Phoebe
include a collision with an existing satellite and drag from
the primordial gaseous envelope of the still-accreting
Saturn. While JupiterÏs irregular satellites come in two dis-
tinct clusters, immediately suggesting a collisional origin,
the apparent lack of other irregular satellites of Saturn sug-
gests that gas drag may have been the more likely mecha-
nism. If so, Phoebe must have been captured early in the
history of the solar system. During this epoch, the outer
solar system was likely Ðlled with icy planetesimals that had
not become consolidated into giant planets. Many of these
were scattered into the Oort cloud and are seen today as
long period comets. In the gas-drag hypothesis, Phoebe is
likely to have been one of these more locally conceived
bodies, rather than something that formed beyond Neptune
and scattered inward. Regardless of PhoebeÏs precise origin,
its similarity to 1997 demonstrates that PhoebeCU26formed as an icy outer solar system planetesimal rather
than a rocky asteroidal body. A similar conclusion was
recently reached by Owen et al. (1999).

Nereid (N2). The satellite Nereid orbits Neptune in a
highly inclined, eccentric, and distant orbit, suggesting that,
like other irregular satellites in the solar system, it is poss-
ibly a captured body. Goldreich et al. (1989), however, have
suggested that Nereid could have formed as a regular satel-
lite of Neptune, but then the capture of Triton and its sub-
sequent orbital circularization could have moved Nereid
from an originally regular orbit to its current irregular
orbit.

Our observations show that Nereid has the largest frac-
tion of water ice of any of the objects observed, with water-
ice absorption depths comparable to some of the darker
Uranian satellites. Nereid has, in addition, the largest
optical albedo of the objects with known albedo, again
similar to the darker Uranian satellites (see below). Brown,
Koresko, & Blake (1998) suggest that this spectral and
albedo similarity between the regular Uranian satellites and
Nereid is evidence that Nereid did indeed form as a regular



982 BROWN Vol. 119

satellite around Neptune. While the spectral similarity
between Nereid and the Uranian satellites is striking (see
Fig. 11), without a full understanding of the causes of
surface compositional diversity in the outer solar system, it
remains difficult to directly link surface composition to for-
mation location.

4.3. Comparisons
Albedo. All of our observed objects except for 1995 GO

have had radiometric or direct measurements of their visual
albedos. We calculate their geometric albedo spectra by
using the measured visual albedo and scaling the 2.0È2.4 km
spectrum to the measured V [K color (Table 2). Results for
all observations are shown in Fig. 11, along with the two
darkest major satellites of Uranus (From Brown 1983).

The visual albedos and water-ice absorption depths of
the Uranian satellites (and Nereid) are directly related ;
objects with higher albedo have deeper water absorptions.
The spectra can all be modeled with a single dark absorber
and a varying amount of surface ice. In contrast, the
remaining objects shown no albedo-water ice relationship.
Phoebe, for example, shows water-ice absorption twice the

FIG. 11.ÈNear-infrared spectral geometric albedos for Centaurs and
irregular satellites with known visible albedos. The Uranian satellites
Oberon (labeled solid line) and Umbriel (unlabeled solid line) are shown for
comparison.

TABLE 2

PROPERTIES OF DISTANT SATELLITES AND MINOR PLANETS

Object V Albedo V [K K Albedo Reference

Oberon . . . . . . . . . 0.29 1.2 0.24 1, 2
Umbriel . . . . . . . . . 0.20 1.2a 0.17 1
Nereid . . . . . . . . . . . 0.18^ 0.02 1.6b 0.21 3
Chiron . . . . . . . . . . 0.14~3`6 1.5 0.15 4, 5
Pholus . . . . . . . . . . 0.044^ 0.013 2.9 0.17 6, 7
1997 CU26 . . . . . . 0.045^ 0.01 2.2 0.09 8, 9
Himalia . . . . . . . . . 0.03 1.7 0.04 10, 11
Phoebe . . . . . . . . . . 0.069^ 0.02 1.4 0.07 12, 13
Sun . . . . . . . . . . . . . . . . . 1.4 . . . 14

a Assumed to be the same as Oberon.
b Measured from our spectral acquisition images.
REFERENCES.È(1) Veverka, Brown, & Bell 1991 ; (2) Cruikshank et al.

1977 ; (3) Thomas, Helfenstein, & Veverka 1991 ; (4) Campins et al. 1994 ;
(5) Hartman et al. 1990 ; (6) Davies et al. 1993a ; (7) Davies, Sykes, &
Cruikshank1993b ; (8) Jewitt & Kalas 1998 ; (9) Davies et al. 1998 ; (10)
Cruikshank 1977 ; (11) Skyes et al. 2000 ; (12) Thomas et al. 1983 ; (13)
Degewij et al. 1980 ; (13) Hardorp 1980

depth of 1997 but has an infrared albedo only half asCU26,high. Chiron, with little or no water-ice absorption, has an
albedo higher than either of these. Clearly, di†erent surface
compositions are responsible for the neutral dark com-
ponent on each of these objects.

Ice abundance. The Centaurs and irregular satellites show
no apparent spectral regularity with heliocentric distance,
in either depth of water-ice absorption or continuum slope
(Fig. 12). A similar lack of correlation was found by Barucci
et al. (1999) in the slopes of the visible spectra of Centaurs.
These objects might be more reasonably expected to show a
correlation with perihelion distance, as this distance corre-
sponds to the maximum heating the object receives. A slight
correlation appears when the spectra are viewed versus
perihelion distance (Fig. 13) ; objects that approach within
about 8.5 AU of the sun show little or no sign of water ice,

FIG. 12.ÈComparison of the best-Ðt fractional water ice coverage as
a function of heliocentric distance of the object. The labels are as follows :
Ch\ Chiron, P\ Pholus, CU\ 1997 G\ 1995 GO, J\ JovianCU26,irregular satellites, S \ Saturnian irregular satellite (Phoebe), and N \
Neptunian irregular satellite (Nereid). No consistent pattern with helio-
centric distance appears.

FIG. 13.ÈComparison of the best-Ðt fractional water ice coverage as a
function of perihelion distance of the object. Labels are as in Fig. 12. The
perihelion distance controls the maximum heating rate the object experi-
ences, so a correlation with this parameter is most expected. All objects
with perihelion distance less than 8.5 AU have little to no surface water ice,
while all of those outside 8.5 AU show clear signatures of surface water ice.
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while those outside this distance all show more abundant
water ice. If we discount the Jovian satellites, however,
which we have argued are asteroidal in origin, and Nereid,
which we have argued is a regular satellite, this apparent
correlation is driven by only a small number of objects, and
the perihelion distance between Chiron (q \ 8.42 AU),
which shows little or no water-ice absorption and Pholus
(q \ 8.66 AU), which shows the largest amount of water-ice
absorption of any of the observed Centaurs, is small. This
potential transition distance corresponds well to the dis-
tance at which sublimation of should begin to lead toCO2signiÐcant cometary activity, such as seen in Chiron (Fig. 1).
More volatile ices such as CO have also been observed to be
important drivers of cometary activity at distances just
beyond Jupiter (Senay & Jewitt 1994 ; Biver et al. 1996).

Organics. Spectral evidence for the presence of organic
materials is seen in the extremely red slope of the visible
spectrum of Pholus and in the 2.3 km methanol-like absorp-
tion feature of this object (Cruikshank et al. 1998). The
presence of such materials is not a surprise ; methanol is an
abundant ice in the interstellar medium and comets (van
Dishoeck et al. 1993 ; Bockelee-Morvan et al. 1990), and it
should be incorporated in outer solar system objects. Its
relatively low volatility should allow it to remain present in
almost all of the objects we observed. The surprise instead is
that it is clearly not abundant on the surface of any of the
objects other than Pholus. While it is possible that sporadic
activity such as observed on Chiron could disrupt or over-
turn a radiation processed mantle responsible for the dark
red optical spectrum, it is difficult to imagine how such
activity could mask a methanol surface-ice feature if meth-

anol were present throughout the object. An interesting clue
to the nature of the red surface and the presence of meth-
anol and any possible correlation would be to obtain near-
infrared spectra of more extremely red objects, such as the
Centaur Nessus (Barucci et al. 1998) ; however, all currently
known such objects are extremely faint and current spec-
troscopy will be difficult.

5. SUMMARY

Near-infrared spectroscopy of Centaurs and outer solar
system irregular satellites has revealed a variety of surface
compositions. Many of the objects show weak 1.5 and 2.0
km absorption features of water ice on their surface. This
water ice is mixed with or covers a dark and near-infrared
neutral material, which appears to vary from object to
object. An additional absorption due to methanol ice or its
related products is found only on Pholus, though methanol
ice should be stable on all of the objects observed. No com-
pelling reason for the spectral di†erences can be discerned.
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