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Slow versus fast 
migration: 
resonance 

sweeps material 
farther along and 
drops over larger 

range when 
migration is slow.

Kaib et al. (2016)  
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Figure 6: Spectra extracted in regions labelled in Figures 4 and 5 are shown as blue dots

and compared with their corresponding best fit modeling (solid red line).
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Figure 3: Spectra extracted in regions labelled in Figure 2 are shown as blue dots and

compared with their corresponding best fit modeling (solid red line).
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water-ice spectrum with the data reveals a more subtle feature near
2.2 mm (Fig. 3) which coincides with a band due to ammonia
hydrate (NH3·H2O)

12,13. At 40 K, the 1.5 and 2.0-mm bands have
peak absorption coefficients of,50 and,100 cm21, respectively12,
corresponding to photon penetration depths in ice of about 0.2 and
0.1mm. The spectrum therefore samples ice in the very uppermost
layers on Quaoar.
A search for other plausible ices was unsuccessful. The spectrum

is unlike that of Pluto (compare with Fig. 4), which is dominated by
CH4 and which also shows solid N2 and CO (ref. 14). Our ability to
detect N2 and CO is questionable, given the spectral resolution of
our data, but the eight strong bands of CH4 in the 1.0 to 2.4 mm
spectral region are conspicuously absent in Quaoar, eliminating any
possibility that the 1.65-mm feature is methane-contaminated. CO2

is not present either, down to the level of the noise in the spectrum.
Quaoar is spectrally much more similar to Charon, in showing
strong water-ice bands and a weak absorption due to ammonia
hydrate15,16. The absence of other molecules is unsurprising given
the small size and low (,500m s21) escape velocity of Quaoar.
The detection of crystalline ice on Quaoar shows that the

temperature has exceeded the critical T c < 105–125K range for
crystallization (see Fig. 1 of ref. 17). The radiation equilibrium
temperature (for albedo,0.1 and distance,43 AU) is only,50K.
Temperatures higher than T c could be generated through radio-
active decay heating in the interior of Quaoar18 but not on the
surface, where the temperature is limited by radiation to space.
Impact heating by micrometeorites could be responsible for heating
surface ice above the crystallization temperature. However, the
vapour pressures of ammonia and water are very different, and

impact heating is expected to lead to the progressive loss of
ammonia from the surface19. Impact heating thus appears at odds
with the presence of ammonia hydrate unless this can be resupplied
by another process.

A further complication arises from the instability of crystalline ice
and ammonia hydrate to energetic particle bombardment. At low
temperatures, crystalline ice is converted to the amorphous phase
by the bond-breaking effects of cosmic rays and solar wind
particles20,21. Ammonia hydrate is also unstable to energetic particle
bombardment, with a survival time of ,106 yr at Saturn19. The
timescale for complete processing of the optically active top
(0.1-mm thick) layer at 40 AU is ,107 yr (ref. 22), much less than
the age of the Solar System. Persistence of crystalline ice and
ammonia hydrate at the surface therefore implies either that the
ice is protected (for example, by a magnetosphere or by an
atmosphere, neither of which seems likely at Quaoar) or that the
observed ice has been replenished within the past 107 yr. OnCharon,
ammonia hydrate could be chemically produced from a constant
supply of nitrogen fed to the surface by the escaping N2 atmosphere

Table 1 Parameters of the spectra

Date Grating Wavelength* Spectral dispersion
(Å pixel21)

Integration
time (s)

.............................................................................................................................................................................

08 May zJ 0.89–1.30 5.83 1,800
09 May zJ 0.89–1.30 5.83 1,800
08 May JH 1.05–1.90 8.23 2,400
09 May JH 1.05–1.90 8.23 2,400
08 May HK 1.77–2.49 8.63 6,000
09 May HK 1.77–2.49 8.63 1,500
.............................................................................................................................................................................

*Approximate minimum and maximum wavelengths (in mm) recorded in each spectrum.

Figure 3 Close-up of the reflection spectrum of Quaoar centred at 2.2mm. Unsmoothed

data are shown by a black line. A model of ammonia hydrate NH3·H2O (3% ammonia)16 is

overplotted in red. Unlike pure water ice, which has a reflection maximum at 2.2mm

(compare with Fig. 2), both Quaoar and ammonia hydrate show a local minimum at this

wavelength. The Quaoar band is centred at 2.220 ^ 0.005mm and has a depth of about

10% relative to the local continuum. For comparison, the wavelength of the vibrational

overtone of N-H in pure ammonia ice is 2.24mm, significantly longer than observed, but in

ammonia hydrate (NH3·H2O) at 65 K the band wavelength is 2.21mm (refs 12, 13), which

overlaps the measured value. The absence of other ammonia hydrate bands (at 1.04, 2.0

and 2.3mm) in our data is consistent with model spectra provided the fractional amount of

NH3 is #10% (ref. 16). A similar band has been reported at 2.20–2.22mm in Pluto’s

satellite Charon15,16 and at 2.21mm on Uranus’ satellite Miranda23.

 

Figure 4 Near-infrared spectra of Pluto, Quaoar and Charon compared. The Pluto and

Charon spectra15 have been displaced vertically and scaled to facilitate comparison with

the spectrum of Quaoar. Wavelengths of absorption bands of solid CO, CO2, N2 and CH4
ice are indicated.
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ammonium hydrate on Quaoar 
(Jewitt and Luu, 2004) 
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(Å pixel21)

Integration
time (s)

.............................................................................................................................................................................

08 May zJ 0.89–1.30 5.83 1,800
09 May zJ 0.89–1.30 5.83 1,800
08 May JH 1.05–1.90 8.23 2,400
09 May JH 1.05–1.90 8.23 2,400
08 May HK 1.77–2.49 8.63 6,000
09 May HK 1.77–2.49 8.63 1,500
.............................................................................................................................................................................

*Approximate minimum and maximum wavelengths (in mm) recorded in each spectrum.

Figure 3 Close-up of the reflection spectrum of Quaoar centred at 2.2mm. Unsmoothed

data are shown by a black line. A model of ammonia hydrate NH3·H2O (3% ammonia)16 is

overplotted in red. Unlike pure water ice, which has a reflection maximum at 2.2mm

(compare with Fig. 2), both Quaoar and ammonia hydrate show a local minimum at this

wavelength. The Quaoar band is centred at 2.220 ^ 0.005mm and has a depth of about

10% relative to the local continuum. For comparison, the wavelength of the vibrational

overtone of N-H in pure ammonia ice is 2.24mm, significantly longer than observed, but in

ammonia hydrate (NH3·H2O) at 65 K the band wavelength is 2.21mm (refs 12, 13), which

overlaps the measured value. The absence of other ammonia hydrate bands (at 1.04, 2.0

and 2.3mm) in our data is consistent with model spectra provided the fractional amount of

NH3 is #10% (ref. 16). A similar band has been reported at 2.20–2.22mm in Pluto’s

satellite Charon15,16 and at 2.21mm on Uranus’ satellite Miranda23.

 

Figure 4 Near-infrared spectra of Pluto, Quaoar and Charon compared. The Pluto and

Charon spectra15 have been displaced vertically and scaled to facilitate comparison with

the spectrum of Quaoar. Wavelengths of absorption bands of solid CO, CO2, N2 and CH4
ice are indicated.

letters to nature

NATURE |VOL 432 | 9 DECEMBER 2004 | www.nature.com/nature732 ©  2004 Nature  Publishing Group

Quaoar spectrum from 2 nights on Subaru 



Jason Cook and 
New Horizons 
Science Team.

But not simple history: 
Many objects 

exhibiting hydrates



New OSSOS discovery L91  
(thousand-day arc) 
a = 740 ± 73 au 
q = 50.0 ± 0.2 au 



What can go out, could have come down 
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