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Introduction: Water ice is an extremely abundant material 
in the make-up of solar systems. Found throughout the solar 
system beyond 1 AU, the extremely stable H-O bond is also 
found increasingly in primitive solar system bodies - a not 
surprising fact, as the early solar system was a highly reduc-
ing environment, with ~1000 H atoms for every oxygen. In 
select situations in our solar system and by proxy in the cir-
cumstellar material found around other stars, we can learn a 
great deal about the nature of the water ice input to the solar 
system. Observations of cometary coma, of material captured 
from the proto-planetary disk, presumably measure the com-
positional abundance of the nucleus, and deduce a mix of 
materials approximately half of water ice by mass [1; Fig 1]. 
In 2005, the more direct measurement of material excavated 
from comet 9P/Tempel 1 by the Deep Impact experiment [2-
5] verified this assessment. Around other stars, evidence for 
cold Kuiper Belt dust is commonly found in Spitzer Space 
Telescope measurements of the mid-IR radiation emission 
from around other stars [6]. E.g., two belts of icy dust, one at 
4-9 AU, and another at 40-80 AU, were deduced to be pre-
sent in the 10-16 Myr system HD113766 undergoing terres-
trial planet formation [7; Fig 2]. In the rockier primitive bod-
ies, there is now evidence that water is captured in the form 
of ice in the Main Belt objects 133P/Elst-Pizzarro, P/2005 
U1 Read, and asteroid 118401 (1999 Re70) [8]. The presence 
of water ice in asteroids is echoed by the finding of fine, 150-
200K particulate water orbiting around the nearby K0V star 
HD69830 (12 pc distant, 2-10 Gyr old) created by collisional 
disruption of that system's analogue of an ~30 km P/D aster-
oid [9].  
 
In all of these systems where water ice has been detected, the 
detailed nature and formation history of the ice is lacking. 
E.g., in the case of comets, it is now becoming clear that the 
refractory component of the nucleus has been reworked to 
temperatures upwards of 1000K [5,10], even though comet 
reservoirs are found outside the ice line. How then did the 
volatile ices become included in the cometary mass? If the 
material was accreted by condensation onto re-worked re-
fractory material as it flowed into the out solar system, why 
then does it appear as extremely fine particulate matter in the 
Deep Impact excavation event [11]? What happens to the 
water ice as it sublimes as a comet approaches the Sun? Re-
freezing of water ice has been detected on the surface of 
9P/Tempel 1 [12], indicating the presence of altered water 
ice phases, and indications for products of aqueous alteration 
have been reported in the same comet [5]. 
 
Water ice condenses in several forms at low pressures, in-
cluding as many as three distinct types of amorphous ice 
[13], a metastable cubic crystalline ice as well as the hexago-
nal crystalline form which is characteristic of high-
temperature ice. The exact morphology or mixture of mor-
phologies of a deposit is not only a function of temperature, 
but of temperature history. In addition, ice can be amor-
phized by the interaction with particle radiation [14]. The 

hexagonal crystalline form is the most stable, and once ice 
achieves this form, it is retained at any temperature. Ice 
formed from vapor above about 160 K will be hexagonal, 
and ice formed at colder temperatures, when heated to 150–
160 K or more, will transform to hexagonal crystals on time 
scales that are shorter at higher temperatures, being nearly 
instantaneous above 200 K. (Water ice much above 200K, 
however, is unstable versus sublimation into vacuum, and is 
thus is not found in interplanetary space. The presence of 
such 'warm' water ice is highly controversial, but also poten-
tially highly diagnostic of recent events, depending on the 
lifetime vs. sublimation of the material - according to theory, 
this can vary by orders of magnitude depending on particle 
size and impurity level [15]. Around 130–140 K, on vapor 
deposition or heating, a mixture of cubic and amorphous ice 
occurs which seems stable (over laboratory time scales) until 
T > 150K. Below 130 K, amorphous ice is stable [16,17,13];  
we can thus expect many solar system ice reservoirs to be 
mixtures of amorphous and crystalline material.  
 
Spectral Signatures of Water Ice: The search for signa-
tures due to water ice in fine dusty material are easiest done 
in the emission regime, where the flux due to the water ice 
can dominate the total emission from the system. Ground-
breaking work on the spectral signatures of water ice in exo-
systems at 2 - 200 um was performed by the Infrared Space 
Observatory (ISO) in 1996. The advent of the extremely 
sensitive Spitzer Space Telescope has allowed detailed spec-
tral studies of the warm water ice in multiple systems at 5-35 
um, and the photometric search for cold water ice at 70 um. 
Deep Impact and STARDUST have greatly narrowed the 
number of possible refractory species mixed with the ice. 
The imminent launch of the Herschel will allow much more 
detailed spectral studies of cold water ice in the 60 - 700 um 
spectral range in the near future.  
 
Typical work in the mid- and far-IR using the spectral signa-
tures of water ice emission is based on the laboratory meas-
urements of water ice presented in the review by Warren [18; 
Fig 3]. This study concentrated on measurements made 
within 30–40 degrees of the freezing point at 1 atm and 
273K. It was noted by Warren that the optical properties 
were quite different at lower temperatures even at wave-
lengths outside the very sensitive 45-mm lattice absorption. 
Problems also arise with these values in that a major adjust-
ment to the 45-mm band due to the lack of any measure-
ments of this region at warmer temperatures. For ice at the 
temperatures of outer-planet satellites, one must consult other 
literature.  
 
Improved Laboratory Measurements: What is re-
quired, then, for adequately refining mid- and far-IR meas-
urements of fine water ice in primitive solar system  bodies is 
the detailed laboratory study of the following : 
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• Measurements of ices properties from 30 - 200K in 
10K steps. 

• Measurements of ice particle size, surface film,  and 
fractal agglomeration effects. 

• Measurements of water ice + refractory (silicates, 
metal sulfides, amorphous carbon, PAHs, carbon-
ates) materials. 

• Measurements of spectral changes due to radiation 
damage (e.g., proton/alpha particle dosing). 

• Evaporation times and sublimation rates vs. particle 
size and refractory mix. 

 
A new laboratory program initiated in support of the 
Herschel Observatory mission by our team will make some 
of these measurements, but it would be highly desirable to 
include studies by multiple groups examining the issues from 
diverse directions. We call on the SSCI community to work 
with our team to make these measurements, and offer  the 
results of our  work in return. 
 

 

 
Figure 1 - Emissivity spectrum for Comet Hale-Bopp's 
coma, as measured at 2.8 AU from the Earth and ISO in 
Oct 1996. Error bars are ±2σ. Black: ISO coma spectrum, 
divided by a 210 K blackbody. 
 
 

 
Figure 2 — Evidence for water ice in a young solar sys-
tem. Spitzer MIPS 70 um photometry, 5–35 um IRS, and 

best-fit current model to dust thermal emission from HD 
113766, after [7]. Black - IRS data. Orange—IRS emission 
model. The predicted flux of 67 ± 3 mJy from the best-fit 
model is less than 20% of the measured MIPS 70 µm flux of 
350 ± 70 mJy. Red solid line—poor warm blackbody model 
normalized to the 24 and 70 um MIPS fluxes.. Dark Blue—
residual emission due to warm water ice, produced by sub-
tracting all other model fluxes from the IRS data.  Light blue 
line—Warm ice emission model flux. Dark purple -  pre-
dicted flux from a reservoir of 75 K water ice particles with 
PSD dn/da ~ a-3.5, required in addition to the warm dust 
dominating the 5–35 µm spectrum to produce the observed 
70 µm MIPS flux. Dashed red curve - predicted flux from a 
collection of blackbody emitters at T = 75 K. With current 
spectral knowledge of water ice em9ision, it is very hard to 
distinguish between these two models. All error bars are 2σ.  
 
 

 
Figure 3 — Emission vs. wavelength for pure 1 um water 
ice particles, as calculated from the optical constants of 
Warren (1984), with important features labeled.  Solid- Qabs. 
Dashed line - Qabs * Bν(200K)., predicted flux for 'warm' ice. 
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