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ABSTRACT

Aims. Spectral analyses of trans-Neptunan objects (TNOs) and of the linked Centaurs, which are supposed to be among the most
primitive minor bodies in the solar system, reveal some chemical and physical properties of their surface. To determine the surface
composition of these objects and their surface evolution is essential for gaining clues on the conditions under which the solar system
has been formed.
Methods. Chemical composition and physical properties of the surface of three objects have been constrained by computing the
depth of the absorption features of the spectra in the near-infrared, running spectral models based on radiative transfer theory
in the [0.4−2.3] μm range, and analyzing new laboratory measurements of the spectral behavior of thin samples of H2O-CH3OH
mixtures.
Results. Our investigations allow us to confirm the presence of CH3OH ice on the surface of the Centaur (5145) Pholus and the reso-
nant (55638) TNO 2002 VE95. It may also possibly be found on the classical TNO (120348) 2004 TY364. Our laboratory experiments
indicate that the behavior of the methanol and water ice absorption bands is dependent on the ambient temperature and the dilution
level of the mixture. These results also suggest that methanol may be diluted in water ice on the surface of the Centaur Pholus.
Conclusions. Formation and destruction processes of methanol suggest that a part (at least) of the surface of these objects is younger
than the solar system age. If confirmed, this shows that primordial ices could still be detected on the surface of objects that are
submitted to irradiation and rejuvenation processes.

Key words. techniques: spectroscopic – methods: data analysis – Kuiper belt objects: individual: (55638) 2002 VE95 –
Kuiper belt objects: individual: (120348) 2004 TY364 – Kuiper belt objects: individual: (5145) Pholus – methods: laboratory

1. Introduction

Trans-Neptunian objects (TNOs) are icy relics left over from
the planetary accretion disk and orbit the Sun beyond Neptune.
These bodies are unique tracers of the chemical, thermal, and
dynamical history of our solar system and are divers in nature
(see Barucci et al. 2008, for instance). Although TNOs are con-
sidered to be remnant objects in the solar system, their pristine
material has been subjected to space weathering (by UV pho-
tolysis, solar wind radiation, cosmic rays, etc., see Strazzulla
et al. 2003). Most of them possess no atmosphere and have
chemically evolved surfaces. The smaller bodies have been de-
pleted of volatile species and ices at different levels on the
surface (Brunetto et al. 2006). Investigating their surface by
spectroscopy is a tool for constraining the chemical proper-
ties and the evolution processes that occurr in the solar system.
Unfortunately, most of the spectra of TNOs (Guilbert et al. 2009;
Merlin et al. 2010a; or Barucci et al. 2011, for recent publica-
tions) are almost featureless in the visible as well as in the near-
infrared (nIR) range and it is difficult to extract valuable infor-
mation concerning the initial composition of these objects, the
nature of the irradiated products and the role of each radiation
source. This problem is important for objects that suffered much
irradiation, therefore we need to focus our efforts on objects cov-
ered with relatively fresh ices.

Recent observations performed with 8-m-class tele-
scopes allowed us to obtain new chemical information from

nIR spectroscopy (Barucci et al. 2011). Most of these objects
seem to be covered by water ice (see Barkume et al. 2008, for
instance). The ice is itself covered with darker and/or redder
organic materials or probably mixed with silicates. Other ices
have also been firmly identified, such as methane (i.e.: Eris,
see Brown et al. 2005; or Licandro et al. 2006, for example),
nitrogen (i.e.: Pluto, see Douté et al. 1999, for example) and
ammonia (i.e.: Charon, see Dumas et al. 2001, for instance). All
of these ices could give valuable information on evolution pro-
cesses that occurred in the outer solar system boundaries. This
is helpful for constraining the effects of the space weathering
(Hudson et al. 2008) or for constraining the models of collisions
(Kenyon et al. 2008) and volatile loss (Schaller & Brown 2007).

The Haumea family is a good example, which shows the
possibility to retrieve the evolution history of icy minor bod-
ies. Indeed, Brown et al. (2007) discovered a whole family of
objects with similar apparent spectro-photometric behavior and
close dynamical properties. The investigations performed on
the brightest components reported evidence of strong water ice
bands (see Bakume et al. 2008; or Trujillo et al. 2011) and more
interesting water ice in its crystalline phase (see Bakume et al.
2008; or Dumas et al. 2011). Taking into account the crystal-
lization mechanism on the one hand (see for instance Jewitt &
Luu 2004) and the effects of space weathering on the other hand
(see for instance Mastrapa & Brown 2006), this implies that the
crystalline water ice should be fresh. Its presence on the sur-
face of the two major components (Haumea & Hi’iaka) could
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be explained by radiogenic heating or, under specific conditions,
by tidal heating (Dumas et al. 2011). Other interesting objects
that may provide new insights into the history of the solar sys-
tem could be those that are covered by highly volatile species,
such as methanol. Methanol is more volatile than H2O and CO2
and has been reported on the surface of several objects such as
Pholus (see Cruikshank et al. 1998), 2002 VE95 (Barucci et al.
2006), and possibly 2004 TY364, 2004 UX10, 2008 FC76, and
2008 SJ236 (see Barucci et al. 2011). Methanol is expected to be
mainly destroyed by space weathering (Hudson & Moore 1999)
or could be lost by sublimation within 15−20 AU (Brown et al.
2011). Confirmation of methanol ice on the surface of dynami-
cally different objects could give clear constraints on the evolu-
tion processes acting in the solar system.

Here we present new investigations of the surface of ob-
jects suspected to be covered by methanol, and more specifi-
cally, methanol mixed with water ice. This mixture is particu-
larly interesting because of its possible pristine nature (these two
ices are probably the most abundant ices in the proto-stellar and
planetary disks, see Dartois et al. 1999). We first present new
spectral analyses of the Centaur Pholus and a comparison with
previous results from Cruikshank et al. (1998) to constrain the
spectral features observed in the nIR range and investigate the
spectral variations. Then, we will use these results with those ob-
tained by Barucci et al. (2006, 2011) on the surface of the TNOs
(55638) 2002 VE95 and 2004 TY364, on which the presence of
methanol and water ice is possible, to compare the chemical and
physical properties of the surface of these three dynamically dif-
ferent objects. Finally, we present new laboratory measurements
that have been performed to constrain the spectral behavior of
CH3OH-H2O mixtures depending on the ratio of each compo-
nent and the ambient temperature.

2. Observations and data analyses

2.1. (5145) Pholus

Pholus has been observed several times during the last two
decades in the visible (VIS) and in the nIR range with the
2.4 m Hiltner telescope, the UKIRT and the VLT facilities (see
Cruikshank et al. 1998; Barucci et al. 2011). A complete VIS-
nIR spectrum has been performed in the first half of the ’90s
by Cruikshank et al. (1998). Here, we present the first complete
VIS-nIR reflectance spectrum of this object based on the data
obtained in 2008 by Barucci et al. (2011). These two VIS-nIR
spectra are presented in Fig. 1. The phase angle is widely spread
in the 1−6◦ range but mainly close to 5.4◦ before 1995 and close
to 2◦ in 2008. According to the difference in phase angle range
and the polarization of this object (Belskaya et al. 2010), we con-
sider that an accurate comparison of the different sets of data will
be difficult. The object probably has a diameter close to 150 km
and an albedo close to 0.08 (Stansberry et al. 2008).

The data of (5145) Pholus obtained in the visible are almost
similar but we note a small slope variation of 3%/100 nm. The
new data in the nIR have a low signal-to-noise level and a di-
rect comparison does not show any variation, within the noise
(Fig. 2). Considering that the phase angle might affect the red-
dening of the visible slope and the absorption behavior of the
absorption features (Kolokolova et al. 2010), the small spectral
variation can be caused either by the difference in observational
circumstances or the real moderate chemical heterogeneity of the
surface. This is also true for the spectral variations revealed by
Cruikshank et al. (1998). However, the small V − R photometric

Fig. 1. Spectra of (5145) Pholus from 0.4 to 2.3 microns. We adopted
the reflectance values determined by Cruikshank et al. (1998) to adjust
the different parts of the spectrum. All spectra have been normalized at
0.55 μm and are shifted along the y-axis for clarity.

Fig. 2. Spectra of (5145) Pholus in the nIR and their differences (repre-
sented in the lower part as a continuous line with superimposed linear
fit). The spectrum of 2008 (this work) is represented as a continuous
line and that of Cruikshank et al. (1998) is represented as a dotted line.

variations observed by Farnham (2001) suggest that Pholus is
moderately heterogeneous.

2.2. Comparison with other objects

Data of (55638) 2002 VE95 cover the 2003−2008 period. This
object has been observed twice in the visible and three times in
the nIR (see Barucci et al. 2006, 2012, for previous analyses of
this object). This ∼240 km object (albedo = 0.15, see Barucci
et al. 2012) is a Plutino. All observations were made with a
phase angle within the 0.5−0.9◦. This narrow range of phase
angles is favorable to good comparisons. The different spectra
are presented in Fig. 3. The red slope of the visible spectrum of
(55638) 2002 VE95 is different in the spectra obtained in 2003
and 2007 (see Barucci et al. 2012). The slope variation is about
+6.5%/100 nm and quasi constant in the entire 0.43−0.85 μm
range. In the nIR, no strong variations between data have been
reported by the authors, which agree with the moderate hetero-
geneity of this object. According to the literature, four other
objects that have been observed only once may also be cov-
ered by methanol ice (see Barucci et al. 2011). Among these
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Fig. 3. Spectra of the three objects and the results of our spectral model-
ing. The fits are represented by continuous and dotted lines. The contin-
uous lines show the wavelength ranges at which the models have been
adjusted with the observations while the dotted lines follow the mod-
els outside these ranges. Except for 2004 TY364, all spectra and models
have been shifted along the y-axis for clarity.

objects, we concentrated our efforts on (120348) 2004 TY364,
for which we have the spectrum with the highest signal-to-noise
level. Observations of this object have been carried out in 2008
during the Large Program at VLT (ESO-Chile) by Barucci et al.
(2011). This object is a classical one and its physical properties
(diameter and albedo) are unknown. Its absolute magnitude is
H = 4.5. For a moderate albedo of 0.10, the size of this object
should be roughly 500 km. The phase angle was 0.9◦.

To obtain more quantitative information from the spectra, we
computed the absorption depth of the spectral features. The ab-
sorption band depth is calculated as the fractional difference in
flux at 2.0 μm and 2.27 μm with respect to that at 2.2 μm. The
depth of these two different bands are defined as

D(%) = (1 − flux2.0 μm/flux2.2 μm) × 100 (1)

and

D(%) = (1 − flux2.27 μm/flux2.2 μm) × 100. (2)

This gives us an idea of the possible presence of water and
methanol ices on the objects’ surfaces (with absorption bands
located at 2.0 and 2.27 μm, respectively). Fluxes are computed
as the median value of the flux between 1.98−2.02, 2.18−2.22
and 2.25−2.29 μm, respectively. The error assigned to each value
comes directly from the standard deviation of the points used to
compute the depth of the absorption band in each interval. The
errors appear to be slightly overestimated compared to an accu-
rate statistical approach, but have the advantage to be conserva-
tive. The results are reported in Table 1. These results confirm the
relative homogeneity of the surface of 2002 VE95 and Pholus in
the nIR. Indeed, the absorption features located around 2.0 and
2.27 μm are similar within the errors. In addition to the compari-
son of the spectra, we obtained a good confidence level of several
absorption features (above 3σ). For the three objects, the absorp-
tion feature around 2.27 μm is at least observed once (both times
for Pholus) and the absorption feature around 2.00 μm is well de-
fined in one spectrum of Pholus and one spectrum of 2002 VE95.
This latter absorption feature is not significant for the spectrum
of Pholus obtained in 2008 and that of 2004 TY364. These anal-
yses do not allow us to firmly detect water ice on the surface of
2004 TY364, and methanol could therefore be in pure state on
its surface.

Table 1. Absorption features.

Object Band Depth∗ (%) Band Depth∗ (%)
Pholus 1993–95 2.0 μm 11.3 ± 3.7 2.27 μm 17.5 ± 3.3
Pholus 2008 2.0 μm 18.7 ± 18.6 2.27 μm 21.6 ± 6.9
2002 VE95 2003 2.0 μm 18.2 ± 5.5 2.27 μm 16.9 ± 5.7
2002 VE95 2007 2.0 μm 17.1 ± 7.1 2.27 μm 16.5 ± 12.2
2002 VE95 2008 2.0 μm 13.0 ± 6.8 2.27 μm 14.7 ± 13.1
2004 TY364 2.0 μm 7.6 ± 5.9 2.27 μm 12.3 ± 4.1

Notes. (∗) Errors are given at 1σ.

2.3. Spectral models

To investigate the surface properties of these objects, we used the
spectral model developed by Hapke (1981, 1993). The compo-
sition and physical parameters are obtained following the work
described in Merlin et al. (2010a). The general approach is to use
the chemical compounds that can account for the present signa-
tures, and plausible compounds that can reproduce the general
spectral behavior for these distant objects. The code allows iter-
ating with varying components, quantities and grain sizes with
a minimization of the chi square between the model and the ob-
served data. This model works ideally with spectra obtained at
very small phase angle, which is mostly the case here, except
for the older spectrum of Pholus. Taking into account the works
of Hapke (1986) or Pommerol & Schmitt (2008), we assumed
that this could affect our results, at second order compared to
the noise of the data, on the abundance and particle size of the
chemical compounds that display absorption bands (i.e.: the ices
in our case).

We ran models considering amorphous and crystalline wa-
ter ice (Grundy & Schmitt 1998), olivine and pyroxene (see
Barucci et al. 2012), triton, titan and ice tholins (Khare et al.
1986, 1993), methanol (Quirico et al. 1999), methane (Quirico
& Schmitt 1997), amorphous carbon (Zubko et al. 1996), and
kaolinite (Merlin et al. 2010b). Results of the best-fit models
for the different spectra are reported in Table 2 and Fig. 3. The
results were obtained using the albedo value in the V band of
ρV = 0.08 for Pholus. Table 2 contains the percentage of the
different components and particle sizes in microns and also re-
ports the results for 2002 VE95 and 2004 TY364 published in the
literature.

The models performed with the albedo constraints for 2002
VE95 and Pholus (from Hershel and Spitzer, respectively) con-
firm our first conclusions and allow us to obtain more details on
the chemical properties of these two objects (see Fig. 3). The
CH3OH amount could be comparable to water ice on the dif-
ferent surfaces (see Table 2). However, these results are model-
dependent, and variation of the particle size, for instance, could
affect the different ice contents (see Barucci et al. 2008, for some
limits of the models). Among the different ices (methanol, am-
moniac, methane, nitrogen, or ethane), also discovered on TNOs
or icy satellites, methanol is the best candidate that fairly fits
the absorption feature near 2.27 μm, even if we cannot com-
pletely exclude other possible materials (see Cruikshank et al.
1998, for other possible candidates). The presence of CH3OH
on 2004 TY364 is particularly questionable since the modeled
spectrum does not fit the entire spectral feature between 2.2 and
2.3 μm. This could be due to limits of the spectral models, to
our restricted optical constants library, or to problems in the ob-
servational data set. Water ice is also favored in its amorphous
phase; indeed, our attempt of using water ice in its crystalline
phase gave less satisfying fits and the typical absorption feature

A20, page 3 of 8

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219181&pdf_id=3


A&A 544, A20 (2012)

Table 2. Results (in %) and size (in μm) of the composition and physical parameters obtained with the Hapke model (see text for details).

Date Am. H20 CH3OH Olivine Titan Th. Triton Th. Am. C ξ χ2

Pholus
1993–1995 19 (10) 11 (80) – 23 (1) 44 (3) 3 (10) 0.6 1.62
2008 4 (70) 11 (100) 31 (5) 15 (1) 37 (4) 2 (10) 0.8 1.99
1993–19951 6 (10) 6 (10) 21 (20) 6 (1) – 61
2002 VE95

2003–20042 19 (30) 12 (30) 6 (5) 20 (2) 42 (3) 1 (10) 0.13 3.62
2007/12/062 7 (100) 10 (80) – 45 (1) 30 (4) 8 (10) –0.05 1.50
2008/11/222 4 (100) 12 (100) 4 (5) 39 (1) 38 (3) 3 (10) 0.0 1.68
2004 TY364

20083 14 (5) 37 (20) – 8 (1) 28 (3) 13 (10) 0.0 3.01

Notes. The particles sizes are given in parentheses.

References. (1) From Cruikshank et al. (1998). (2) From Barucci et al. (2012). (3) From Barucci et al. (2011).

of crystalline water ice at 1.65 μm is not clearly detected. In all
cases, a better signal-to-noise level is required to better investi-
gate these hypotheses. Because the red slopes of the objects are
different, the chemical mixtures of organics are not the same.
Triton and titan tholins seem to be the best candidates, but our
results give only the best candidates among those chosen in in-
put, and without firm detection of the absorption band we can-
not deeply investigate the nature of the organics or silicates. For
Pholus for instance, the change of 3%/100 nm in the red slope
deeply modifies the amount of olivine in our models although it
is difficult for this to be true (see Barucci et al. 2008, for more
details on the limitations of the models). The rotation period of
the objects is not yet known with good accuracy and it is not pos-
sible to link any spectral variations with rotation phase or tem-
poral variation. The spectral features’ repeatability can suggest
that water and methanol ices are probably present throughout the
surface of 2002 VE95 and possibly throughout Pholus. Although
methanol seems to be the best candidate to explain the absorp-
tion features around 2.3 μm (see Cruikshank et al. 1998, for a
more detailed discussion for Pholus), some slight disagreements
have been reported. While the absorption feature at 2.27 μm is
fairly well reproduced, a second sharp band a 2.33 μm is not.
Consequently, it is difficult to know if the 2.3 μm absorption
band complex is caused not only by methanol or if the absorption
features of this compound might be different from those reported
by Cruikshank et al. (1998). These authors made laboratory mea-
surements of pure methanol in the 90−120 K range but did not
investigate dilution effects with water ice, although it was firmly
identified on the surface of this Centaur.

3. Laboratory experiments
To investigate this possibility in more detail, we performed new
laboratory measurements. Although properties of water ice are
found in the literature for different states and temperatures,
our knowledge of methanol ice and methanol/water ice mix-
ture is still limited (see Tielens et al. 1984; d’Hendecourt &
Allamandola 1986; Dartois et al. 1999; Ehrenfreund et al. 1999;
and more recently Myszka et al. 2011, for a few dilution states at
cold temperature). We performed our experiments at the Institut
de Planétologie et d’Astrophysique de Grenoble (IPAG) to show
the effects of dilution and temperature that can affect the spectral
features of the H2O-CH3OH mixture.

3.1. Instrumentation and samples

We produced thin ice samples from the gas phase, allowing the
formation of mixtures in the amorphous phase, which appears

to be the case for the water ice on the surface of the objects.
Gas mixtures were slowly condensed onto a cold (17 K) KBr
window. The deposition rate and ultimate sample thickness (0.7
to 1.4 microns) were measured during deposition from the in-
terference fringes of the transmitted and reflected beams of a
He-Ne laser (beam incidence close to 45◦). The deposition rate
(sample growth rate) was near 1.0 micron h−1. The KBr win-
dow was cooled in a high-vacuum optical cell (initially close to
2 × 10−8 mbar), and placed in the sample compartment of the
spectrometer. Infrared spectra from 4000 to 400 cm−1 of these
samples at 0.5 cm−1 resolution were obtained with a Fourier
transform infrared spectrometer (Nicolet 800). Inside the opti-
cal cell, a sample holder was fitted at the top of the cold finger of
a closed-cycle He cryostat, with its temperature monitored using
calibrated silicon diodes and a proportional-integral-derivative
controller (Lake Shore DRC-93CA).

Spectra were recorded on heating and cooling and thus ther-
mal history effects have been considered (in the 20−150 K
range). Methanol ice could be in amorphous or crystalline phase.
Its crystalline phase has itself three different phases (α, β and
metastable phase) depending on temperature (Lucas et al. 2005).
Its triple point is Tt = 175.61 K. We recorded different spectra in
transmission for different samples and extracted the absorption
coefficients. We took care of the mixing ratio and the volatile loss
during all our measurements (especially after our heating proce-
dures), computing the surface area of typical absorption bands
present in our wavelength range.

3.2. Results

To investigate the mixing ratios of our samples, we first iden-
tified the absorption features in the whole 400−4000 cm−1 fre-
quency range (2.5−25 μm) from a thin sample of pure methanol
ice and that of almost pure water ice. Table 3 and Fig. 4 re-
port the different bands that are also reported by d’Hendecourt &
Allamandola (1986) and de Barros et al. (2011). Several bands
are blended and are barely decoupled in the 1400−1550 cm−1

and 2900−3000 cm−1 ranges. In the first range, the ν12 over-
tones are embedded with the ν4, ν5 and ν10 vibration modes (the
in plane asymmetric and symmetric bend modes and the out of
plane asymmetric bend mode, respectively) while in the second
range, the overtones of the ν4, ν5 and ν10 vibration modes are
themselves embedded with the ν2 and ν9 modes, corresponding
to the CH asymmetric stretch modes. The reported ν9 is also
a complex of several modes and their interpretation and study
is beyond the scope of this paper. Here, we will focus our ef-
forts on the main variations that depend on the dilution state and
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Fig. 4. Absorbance of pure methanol ice and
almost pure water ice at 35 K in both
states (amorphous phase as a continuous
line and crystalline phase as a dotted line).
Methanol contamination is expected to be
lower than 6−7% for the almost pure water ice.

Table 3. Absorption features of methanol.

Vibration Band F (cm−1)a F (cm−1)b

CH3OH

OH stretch ν1 3235 ± 3.0 3272 ± 3.0c

CH asymmetric stretch ν2 2981 ± 3.0 2986 ± 1.0
CH symmetric stretch ν3 2828 ± 1.0 2831 ± 1.0c

CH asymmetric bend ν4 1458 ± 2.0 1459 ± 2.0
CH symmetric bend ν5 1446 ± 2.0 1445 ± 2.0
OH bend ν6 1412 ± 4.0 1433 ± 2.0
CH3 rock ν7 1132 ± 2.0 1146 ± 1.0
CO stretch ν8 1027 ± 1.0 1019 ± 1.0c

CH asymmetric stretch ν9 ∼2950 ∼2955
CH asymmetric bend ν10 1476 ± 2.0 1476 ± 2.0
CH3OH torsion ν12 716 ± 3.0 793 ± 2.0c

H2O

OH stretch 3278 ± 1.0 3209 ± 1.0c

OH bend 1669 ± 1.0 1650 ± 5.0
H2O libration 777 ± 1.0 835 ± 1.0

Notes. Reported bands are named as classified in the NIST data
base (http://webbook.nist.gov/chemistry/form-ser.html).
Frequency is reported for ice at 35 K in amorphous phase (a) and
crystalline phase (b). (c) Central or strongest band when duplication.

temperature, particularly of the ν1, ν3, ν7, ν8 and ν12 vibration
bands for CH3OH and the OH stretch and H2O libration bands
for the water ice.

All our samples have been heated up to 145± 5 K and then
cooled down as low as 20 K. From our measurements, the crys-
tallization of amorphous methanol and amorphous water ices
occurred near 100± 5 K and 120± 5 K, respectively, associ-
ated with clear band duplication. The ν1 mode is centered near
3235 cm−1 in the amorphous phase and splitted into two bands
at 3164± 2.0 cm−1 and 3272± 2.0 cm−1 at 35 K, just as the
ν3 mode (2819± 1.0 and 2831± 1.0 instead of 2828 cm−1), the
ν8 mode (1019± 1.0 and 1032± 1.0 instead of 1027 cm−1) and
the ν12 mode (691± 2.0 and 793± 2.0 instead of 716 cm−1).
The differences between both states are presented in Fig. 4. The

spectra of methanol obtained in the crystalline form are very
similar to that assigned to the metastable phase by Lucas et al.
(2005) or Mate et al. (2009). These authors formed this phase by
condensation in the 130−145 K temperature range or obtained
by vapor deposition at 85 K followed by heating of the sample
to 130 K, keeping the pressure at ∼107 mbar. Here we confirm
their work in so far as both methods seem to lead to the same
methanol phase judging by the matching of their corresponding
IR spectra. In our case, this phase seems to be reached by heat-
ing our sample to between 100 and 110 K from deposition at
cold temperature.

3.2.1. Mixing ratio and temperature effects

We compared the absorption band surface of pure methanol
ice just as the associated CO stretch vibration (ν8) or that of
the CH3 rock vibration (ν7) with those of water or methanol
ices such as those of the OH libration (for H2O) or torsion
(ν12 for CH3OH) vibrations. Assuming that the sample of pure
methanol is not contaminated by water, we obtained six different
CH3OH:H2O mixing ratios; ∼100:0, 95:5, 90:10, 48:52, 20:80
and 3:97 (mean mixing ratio error ±5%). We were not able to
obtain a pure water ice sample but the amount of methanol is
very small in the last sample and can be used as reference for
an almost pure water ice sample. The effects of the mixing ratio
have been reported on the shape and the position of the vibra-
tion bands (see Fig. 5 for several examples). For instance, the ν1
band shape as well as the band peak position strongly depend
on the mixing ratio. In the crystalline phase, the differences are
even more obvious because of the duplication of the ν1 vibra-
tion band. Similar variations are also seen for the ν12 band. Our
samples were not made in thermal equilibrium from liquid phase
but our results indicate that the two components are intimately
mixed. For instance, the spectral features of the 48:52 mixing ra-
tio are completely different from those expected from a synthetic
spectrum obtained with the same abundances of each pure com-
pound (see Fig. 5, on the right). This could suggest the formation
of mono hydrate CH3OH:H2O with mixing ratio 1:1. New lab-
oratory measurements, made from the liquid phase, are required
to investigate this topic.
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Fig. 5. Absorbance of pure and mixed ices between 2750 and 3400 cm−1

at 55 K for 1 micron thickness layers. On the left: amorphous phase of
pure CH3OH (black), almost pure H2O (blue) and mixtures of both with
CH3OH:H2O mixing ratio of 20:80 (red) and 48:52 (dash-point). On
the right: ices are in crystalline phase and the same legend is used. The
synthetic spectrum of a 48:52 mixing ratio obtained from pure methanol
and water ices is plotted as a dotted line. (The color version is available
in the electronic version.)

While the mixing ratio mainly governs the shape of the ab-
sorption bands, the temperature mainly acts on the band peak
location. This statement is made while neglecting, of course, the
amorphous-crystalline phase transition. We report in Fig. 6 the
band peak position of three different modes; the CH3OH tor-
sion or the H2O libration, the CO stretch and the OH-stretch.
At low temperature, the position is reported for the amorphous
phase. The peak position of the H2O libration and the OH-stretch
bands shift quasi linearly from 17 K to almost 120 K for mixtures
with an H2O concentration greater than 80% (∼+0.5 cm−1/K and
∼−0.4 cm−1/K, respectively). The trend for the band peak posi-
tion associated to the CH3OH torsion and OH-stretch modes for
mixtures with CH3OH concentration greater than 90% is almost
similar but the shifts are less pronounced when the ice is warmer
than 55 K. In contrast to the last cases, the shift of the CO stretch-
band peak position is negligible as are those concerning the
ν2, ν3, ν4, ν5, ν9 and ν10 vibration modes (shifts lower than
±0.1 cm−1/K). For the ∼50:50 mixing ratio mixture, the results
are comparable with those obtained with almost pure water ice
or pure methanol ice (shift of ∼+0.5 cm−1/K and∼−0.25 cm−1/K
for the bands associated to the blend of CH3OH torsion/H2O li-
bration and the OH-stretch, see Fig. 6). In the crystalline phase,
the shifts of the band peak position agree with those reported in
the amorphous phase but are somewhat smaller in all cases (up
to a factor of 2, especially for the CH3OH torsion, the H2O li-
bration and the OH-stretch modes).

The temperature of crystallization of CH3OH and H2O
seems also dependent on the mixing ratio, according to Fig. 6.
The crystallization should occur at about 100± 5 K for almost
pure methanol ice (i.e.: concentration greater than 90%) and at
about 125± 5 K for almost pure water ice (see the clear gaps in
the peak position of the different bands in Fig. 6). However, the
first gaps of the band peak position shift of the almost 50:50 mix-
ing ratio suggest different crystallization temperatures; between
110 and 120 K. This variation could also suggest the formation
of the monohydrate, as stated previously.

3.2.2. Expected effects in the near-infrared range

According to our laboratory measurements, the mixing ratio, the
temperature and the crystallographic structure control the po-
sition and the shape of methanol bands. The vibration modes
involving the OH bond are very sensitive to these parameters,
because of the hydrogen bond that water establishes with the
hydroxyl group of methanol (Figs. 5 and 6). A lesser effect is
expected for the vibration modes of the methyl group -CH3,
because they do not have a strong coupling with the vibration
modes of water molecules. The 2.27 and 2.33 μm bands are as-
signed to four combinations of deformation with asymmetric and
symmetric modes (ν4, ν5, ν9 and ν10), respectively (Cruikshank
et al. 1998). The sensitivity of these two bands is difficult to as-
sess experimentally, because films of amorphous ice cannot be
grown above ∼100 microns. However, the sensitivity of the 2.27
and 2.33 μm bands can be inferred from the fundamental methyl
modes.

We looked at the region that contain the ν3, ν2 and ν9 vibra-
tion modes (Fig. 5). The examination of the sensitivity of these
bands to the parameters described above requires the subtraction
of the local background, mostly due to the wing of the intense
OH band (Fig. 5). For this purpose, we fitted the OH band us-
ing a combination of Voigt profiles and subtracted this profile
from the spectrum in the 2700−3000 cm−1 spectral region. This
procedure could be applied to the spectra whose methyl bands
were the most intense, obtained with the almost pure CH3OH
and the 50:50 mixture samples.

We unambiguously observed that for both these mixtures at
amorphous state at the same temperature, there is a real effect
of dilution (Fig. 7). Indeed, in addition to the displacement of
the bands toward shorter wavelengths, the depth of the ν9 and ν2
vibration modes relative to that of the ν3 vibration mode evolve.
We furthermore infer that these effects should also occur at lower
dilution level of CH3OH, because methanol would interact only
with H2O molecules. Because synthetic mixtures made with
pure water and methanol ices will not be able to reproduce the
spectral features of a real mixture, disagreement between syn-
thetic spectra and the objects’ spectra should be considered. The
discrepancies presented for Pholus in Cruikshank et al. (1998),
for instance, may be partially explained by the dependence with
dilution of the 2.27 and 2.33 μm bands. Laboratory measure-
ments in the nIR are mandatory to firmly conclude on this ques-
tion and be able to retrieve more constraints on the CH3OH:H2O
mixing ratio.

4. Discussion

That we found methanol and water ice on the surface of three
different dynamical objects is really interesting. Methanol forms
mainly on ice-covered dust grain surfaces primarily through
hydrogenation of CO in dark interstellar clouds or from an
electron-irradiated H2O-CH4 icy mixture, followed by rapid ion-
molecule reaction or by the insertion reaction: CH2+H2O (see
Moore & Hudson 1998; Dartois et al. 1999; Wada et al. 2006;
and Garrod & Pauly 2011, for instance). The amount of CH3OH,
compared to CO, strongly depends on the time-scale and dust
temperature. The yield of methanol also increases with the elec-
tron flux. Doses of a dozen eV/molecule−1 usually allow the pro-
duction of 1015 to 1017 CH3OH molecules, depending on the tar-
get (CO or CH4) and radiation source according to the authors.
From observations in the Serpens molecular core (Kristensen
et al. 2010) for instance, the methanol abundance at outflow
positions is enhanced by up to 2−3 orders of magnitude with
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Fig. 6. Band peak position depending on the
temperature for three vibration modes (or com-
bination) and different dilution state. Top left:
frequency of the absorption band associated to
the CH3OH torsion or the H2O libration or
a blend of both. Top right: frequency of the
CO stretch vibration mode, only reported for a
CH3OH:H2O mixing ratio with CH3OH greater
than 40%. Bottom left: frequency of the absorp-
tion band associated to the OH-stretch.

Fig. 7. Dilution effects between 2500 and 3200 cm−1 at 55K for a
1 micron thickness layer. Absorbance spectra were normalized for two
cases. The first spectrum was obtained with almost pure CH3OH (con-
tinuous black line) and the second one using a mixture of CH3OH:H2O
(mixing ratio close to 50:50 presented as a dash-point line). Both ices
are in amorphous phase.

respect to the ambient abundance. Energetic processes can en-
rich the molecular clouds in methanol ice up to the abundance
of water ice (Garrod & Pauly 2011). Therefore, the discovery
of methanol-water ice mixture on the surface of cold and prim-
itive objects is not a surprise by itself (it is present in comets,
see for instance Bockelée-Morvan et al. 2004). The presence
of methanol is also suggested by Brown et al. (2011), just as
other volatile species, to explain the colors and the albedos of
the Centaurs and TNOs. These authors suggested that methanol
ice might be one of the main chemical compounds required to
form, from the space weathering, the reddest objects, and there-
fore the presence or absence of methanol ice on the surface of
the moderately red object 2004 TY364 is important for this topic.

However, methanol and water ice are subjected to space
weathering. Ferini et al. (2004) and Hudson & Moore (1999),
for instance, showed that methanol can be transformed by ion
irradiation. When the precursors are depleted (i.e. CH4 or CO)

or when the grain has been processed in such a way that H2O
no longer dominates the grain mantle, the abundance of CH3OH
should decline. Because most of the objects are too small to keep
their volatile species (see Schaller & Brown 2007), we assume
that the production of methanol is not possible at the present
stage of the objects. In contrast to comets that display methanol
that comes from the protected interior of the nucleus, methanol
on the surface of TNOs and Centaurs is not expected to survive a
long time (see effects on different mixtures containing methanol
in Gerakines et al. 1996). Brunetto et al. (2006) performed irra-
diation of a 1 micrometer CH3OH sample at different dose lev-
els. With a dose equal to, or even lower than, to 44 eV/16 amu,
the authors obtained a red crust in which the absorption features
in the nIR almost completely disappeared. According to Cooper
et al. (2003), a 100 eV/16 amu dose is expected to accumulate
within the first microns of the surface in 1 billion years. This
means that the observed methanol is unlikely to be related to the
age of formation of these bodies and seems to imply processes
able to exhibit this ice on the surface in the last billion years.

Our observations, which differ from those of the relatively
small objects Pholus and 2002 VE95 seem to be coherent with
global events on the bodies’ surface that could exclude mi-
nor collisions if the presence of methanol is confirmed with an
accurate rotation survey. Cometary-like activity can be possi-
ble for the Centaur Pholus, such as observed for the Centaur
Echeclus, which experienced this type of event on December
30, 2005 (Choi & Weissman 2006) at about 13.07 Astronomical
Units (AU) from the Sun. Pholus reached its perihelion in 1991
at an heliocentric distance of 8.69 AU, which is a better con-
dition for this type of phenomenon. However, cometary-like
activity is unlikely for the two TNOs. Both of them are on
stable orbits with perihelion distances exceeding 27 AU for
2002 VE95 and 36 AU for 2004 TY364. The surface tempera-
ture of the two objects is assumed to be always below 50 K us-
ing the Stefan-Boltzmann law and an albedo as low as 0.05 for
2004 TY364. It is far below the sublimation point of most ices
such as water or methanol. Because these objects are not big
enough to retain their volatile species as Pluto did (see Schaller
& Brown 2007), we suggest that collisional events (already at
work for the formation of classical TNOs of the Haumea family)
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appear to be the most probable phenomena to explain the pres-
ence of these ices on their surface.

5. Conclusions

Our observations seem to confirm the presence of methanol
mixed with water ice on the surface of Pholus and 2002 VE95
mixed with water ice and probably different organics. We also
detected the 2.27 μm band, which could be associated with
methanol, on the surface of 2004 TY364, but this needs confir-
mation. This also implies that pristine material might still be ob-
served on the surface of TNOs and Centaurs. Considering the ir-
radiation doses received in the first micrometers of the surfaces,
major and relatively recent events, probably have occurred on the
surface of these three objects which are dynamically different.
Our preliminary laboratory measurements, made on thin sam-
ples, show the effects of the temperature and the H2O:CH3OH
mixing ratio in the 3−10 μm range with displacements and shape
variation of the absorption bands. These results could reinforce
the idea that the methanol-water ice mixture is a good candidate
to explain the nIR features. This laboratory work should be ex-
tended to the 1.0−2.5 μm range to investigate the effect on the
temperature and mixture ratio in this wavelength range and be
able to fully interpret the spectra obtained from ground-based
telescopes. Work on the formation/destruction processes on ices
should also be performed to obtain some constraints on the age
of the surfaces.
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