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Introduction: Amorphous water ice (AWI) is a solid 
phase of water ice that forms in the conditions of the 
solar nebula and proto-planetary disk[1]. Models sug-
gest that AWI later adsorbed onto silicate grain surfaces 
as complete icy grains or included in into mixed silicate 
grains, and then accreted together to form the original 
population of cometary bodies in the outer solar sys-
tem[2]. Following formation, Nice-style instabilities 
triggered massive dynamical evolution that scattered 
these icy planetesimals into the Oort Cloud and Scat-
tered Disk, the two reservoirs of comets in our solar sys-
tem[3,4]. The resulting dynamical excitation led to col-
lisional evolution of this icy planetesimals popula-
tion[5]. Hypervelocity impacts can produce significant 
shock heating, which changes the temperature-depend-
ent crystallization rate of AWI [6], reducing the amount 
of AWI present in the icy planetesimal.  
Understanding the survival/destruction of AWI is im-
portant to understanding the mechanisms driving come-
tary activity. AWI can trap supervolatile species during 
its formation, and later release them upon crystallization 
[7]. Thus, if AWI is present in comets, its crystallization 
may contribute to supervolatile production rates [8].  
Although two tentative, weak spectroscopic detections 
of AWI have been reported [9,10], AWI has never been 
conclusively detected on an icy body’s surface in the 
present Solar System [11]. This begs the question: has 
amorphous water ice even survived collisional evolu-
tion in the early Solar System? 
 
Methods:  To explore the effects of this early collisional 
evolution on the crystallization of amorphous water ice, 
we use the iSALE impact shock physics hydrocode to 
simulate impacts between icy planetesimals, and feed 
the results through a script to compute the fraction of 
AWI that crystallizes. 
Impact simulations.  iSALE expands upon the SALE 
shock-physics hydrocode [12] to include an elastic-plas-
tic constitutive model for impacts into solid bodies, ma-
terial fragmentation models, multiple materials and 
their equations of state [13,14], and modified strength 
models [15]. More recently, the creation of porosity 
through dilatancy [16] and porous compaction of mate-
rials [17,18] have been incorporated into iSALE.  
We simulate a 1km pure AWI impactor striking a 100 
km (the expected size of a primordial planetesimals [19] 
AWI target at 2km/s (fig 1). 2km/s is a typical, if slightly 
below average, impact speed between icy planetesimals 
during the Nice-style instability [5]. Both bodies have a 
uniform initial temperature of 100 K. We neglect poros- 

ity in both target and impactor, which biases our results 
toward higher shock temperatures, and thus higher crys-
tallization rates of AWI. Although iSALE does not have 
an equation of state for amorphous water ice, similar 
physical properties between AWI and amorphous water 
ice (e.g., similar densities of 940 kg/m3 and 920 kg/m3, 
respectively) allow us to use a crystalline water ice 
equation of state to substitute for AWI, to allow for rea-
sonably accurate computation of the shock pressures, 
temperatures, and crater morphology. We use tracers in 
iSALE to track the pressures and temperatures experi-
enced by material throughout the target body during the 
impact process. 

 
Figure 1: Peak shock Pressure and Temperature for a 1 
km planetesimals impacting a 100 km target at 2 km/s. 
Peak pressure (left) and temperature (right) experienced 
by target as impact shockwave passes. Such cool peak 
temperatures support amorphous water ice preservation.  
 
Impact-induced AWI crystallization. We compute the 
rate of AWI crystallization using the Gibbs Free Energy 
approach of Kouchi et al. [6], which computes the frac-
tion of AWI that crystallizes in a given amount of time 
(θ(#)) as: 
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where τ is the crystallization timescale, α is a geomet-
rical factor that depends on the morphology of crystal 
growth, Ω is the effective volume of a water molecule, 
σ = γΩ//K where γ is the interfacial tension (i.e., sur-
face tension), DM is an empirically derived reference dif-
fusion constant, E1 is the activation energy of self-dif-
fusion, L is the enthalpy (latent heat) of crystallization 
per molecule at 0 K, and TP is the freezing point tem-
perature, where solid and liquid co-exist [6]. By differ-
entiating equation 1 and integrating over time at the 
crystallization timescale (τ) changes in response to 
changing material temperature (fig. 2), we can compute 
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Year 1 summary 
In the first year of our research, we focus on understanding how pure amorphous water               

ice responds to collisional and thermophysical evolution. This is required to provide a baseline              
understanding of the behavior of amorphous water ice, to which later results with impure              
amorphous water ice may be compared. One award funds arrived in March and the subcontract               
to UCF was set up (at the end of May, 2018), Co-I Sarid began thermophysical evolution                
simulations. Meanwhile, PI Steckloff had prior commitments that needed to be completed prior             
to beginning work on this project, which delayed the start of his effort until the end of October                  
2018. Nevertheless, our effort is now fully ramped up, and both PI Steckloff and Co-I Sarid                
have made significant progress on achieving our science goals.  
 
Collisional Evolution Modeling 

Thusfar in year 1, we have begun conducting impact simulations to understand the effects              
of collisional evolution on the crystallization of AWI. This effort required that we update to the                
latest version of the iSALE shock physics hydrodynamics code. iSALE is a cutting edge              
program for simulating collisions between solar system bodies, accounting for object properties            
such as composition, porosity, and structure. iSALE includes “tracers”, which record the            
thermodynamic conditions experienced at the tracer location throughout the impact process,           
which is ideal for allowing us to compute the crystallization of the material due to shock heating.                 
iSALE’s old plotting program, iSALEplot, could natively output these thermodynamic tracer           
properties as text files, which could then be read into MATLAB, where we run out scripts to                 
study crystallization. However, the latest versions of iSALE no longer support iSALEplot, but             
rather use a newer plotting program called pySALEplot, which does not output tracer properties              
in this way. We therefore had to write a python script within pySALEplot to produce these                
desired text files. We then wrote a MATLAB script to compute the crystallization of the tracked                
material using the tracer data and the crystallization rate considerations from Kouchi et (1994).  

 
Figure 1: Peak shock Pressure and Temperature for a 2 km per second impact of a 1 km comet                   
nucleus into a 100 km icy body. Peak pressure (left) and temperature (right) experienced by the                
impacted body as the impact shockwave passes through the simulation. Peak temperatures            
remain surprising cool, supporting the preservation of amorphous water ice. 
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the fraction of AWI that crystallizes in a given parcel of 
material.  

 
Figure 2: Thermodynamic conditions for AWI initially 
located 2 km below the surface, and 1 km from the axis 
of collision (near the edge of the transient crater). The 
passage of the impact shock wave (the peak shock pres-
sure and temperature), is clearly an irreversible process 
that raises material temperature. Closer to the impact 
site, these shock pressure and temperatures increase dra-
matically.  
 
Exothermicity of AWI Crystallization. Whereas the 
crystallization of pure AWI releases 1.7 kJ/mol of en-
ergy, impure AWI with ~2% CO or CO2 impurities re-
leases no heat upon crystallization [20]. Furthermore, 
impurities in excess of ~2% make AWI crystallization 
endothermic [20]. Given that comets typically release 
~2-10% CO2 relative to water [21], it is most likely the 
case that AWI crystallization in comet nuclei is not a 
source of heat. Thus, this computation treats the crystal-
lization of AWI as neither exothermic nor endothermic. 
Moreover, the kinetic energy of the 2 km/s impactor (36 
kJ/mol) dominates any energy that would be absorbed 
by AWI, but errs our results on crystallizing more AWI 
than would be expected when the endothermicity of im-
pure AWI-crystallization is accounted for.  
 
Results and Discussion: We find that collisions of 
small icy planetesimals into larger primordial planetes-
imals during Nice-style instabilities rapidly crystallizes 
any AWI present at the impact site. However, the mag-
nitude of the shock heating within the target body rap-
idly decays with distance from the impact site, resulting 
in little to no crystallization of AWI outside of the tran-
sient crater, preserving AWI within the body. Most of 
the crystalline water ice produced from the impact is 
ejected from the crater, coating the surface of the body 
in crystalline water ice as the ejecta falls back onto the 
surface. This results in a unique structure in which a 
body that contains AWI would nevertheless appear to 
be crystalline at its surface. This is consistent with AWI 
having never been conclusively detected on the surface 
of any solar system body [11]. This result is not likely 
to hold for impacts between similarly sized objects, 

since the objects are themselves comparable to the size 
of the transient crater. Nevertheless, smaller planetesi-
mals numerically dominate the larger icy planetesimals 
in this population, these results are representative of 
most collisions between icy planetesimals. 
If this general structure is preserved over time, later evo-
lution of cometary bodies may be able to shed this crys-
talline mantle. Mass wasting events [22,23] and rota-
tional disruption [24-26] would all expose relatively 
pristine interior materials to the surface, where any AWI 
could be detected. Thus, the lack of direct detection of 
AWI may suggest that: (1) any AWI present is rapidly 
crystallized and therefore not seen, (2) rotational disrup-
tion in the Centaur region [26] causes all AWI to rapidly 
crystallize, producing a nearly AWI-free comet nucleus 
by the time it enters the Jupiter Family of Comets, (3) 
any AWI has receded deeper into the interiors of comet 
nuclei, where AWI cannot be detected [27,28], and/or 
(4) catastrophic collisions and/or other evolutionary 
processes crystallize the object’s remaining AWI. 
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Our initial results in iSALE focus on low-speed, 2 km per second impacts of a 1 km                 
comet into a 100 km icy body, which approximate both the conditions of a small comet                
impacting a primordial planetesimal ( e.g., Morbidelli et al. 2009) under a Nice-type instability             
( e.g., Levison et al. 2011), and a small comet impacting a larger Trans-Neptunian Object in the                
present day Scattered Disk. We find that, even if the larger target body is initially 100%                
amorphous water ice, very little crystallization would result. The peak shock temperatures and             
pressures are surprisingly low and brief (Figure 1), resulting in very little crystallization of the               
target body. Additionally, the most crystallized material is ejected from the impact site an              
deposited elsewhere on the surface. This means that a largely amorphous water ice body may               
exhibit a crust of crystalline ice, which may be why amorphous water ice has never been                
unambiguously detected on the surface of any solar system body ( Lisse et al. 2013). For an                
example of the shock temperature and pressure profile experienced by a piece of ice 1 km from                 
the impact axis and 2 km below the surface, see Figure 2. 

 
Figure 2: Tracer thermodynamic conditions for a tracer initially located 2 km below the              
surface, and 1 km from the axis of collision. The passage of the impact shock wave through this                  
material can be clearly seen as the peak shock pressure and temperature. The impact shock is                
clearly an irreversible process, as the post-shock temperature is higher than the pre-shock             
temperature. Closer to the impact site, these shock pressure and temperatures increase            
dramatically. 

 
Despite a late start in beginning the collisional modeling for this project, we are making               

rapid progress, and are on track to keep to our revised research and publication schedule. For the                 
remainder of year 1 (and likely continuing into the beginning of year 2), we will expand on these                  
initial results using higher-resolution iSALE runs, experiment with other realistic impact           
conditions. In particular, we want to explore how changes in the impactor sizes and speeds               
affect the survival of amorphous water ice. We will share these initial results at the upcoming                
LPSC meeting, and will begin writing a manuscript to publish the results of our initial studies of                 
pure amorphous water ice. 

2470.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)


