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Introduction: Numerous studies have found evi-

dence of convection and cryovolcanism throughout the 

outer solar system, suggesting transport processes occur 

in the ice shells of ocean worlds like Europa. There are 

multiple science motivations for understanding trans-

port through ice shells, including gaining insight into 

how material is delivered to the surface and informing 

the connection between surface expression and subsur-

face conditions to unveil potential indicators of habita-

bility and signs of life. Transport processes hinge on 

thermo-mechanical properties of ice shell materials, 

which depend on the shell’s composition. The chemistry 

and compositional structure of (predominantly water) 

ice shells remain poorly understood. To pave the way 

for investigation of ice shell compositions and how 

these affect transport processes, we sought to determine 

possible spatial distributions of impurities in ice shells 

resulting from the freezing of liquid intrusions by lever-

aging recent improvements in geochemical models for 

freezing solutions. 

 

Methods: Freezing routine. In planetary science, 

the most widely used code implementing the Pitzer 

model to compute compositions of salty solutions is 

FREZCHEM [1]. A broad set of species were added to 

FREZCHEM over the years, making it versatile but 

lacking thermodynamic consistency because parameters 

for previously added species were not re-fitted to the ex-

panded set of species. Revised, consistent fits based on 

additional experimental data were used to improve the 

Pitzer-based model for Na-K-Mg-Ca-Cl-SO4 chemis-

tries and ported to the more modular PHREEQC geo-

chemistry software [2].  

A freezing routine was written to compute with 

PHREEQC the composition of progressively freezing 

solutions containing dissolved salts. This routine was 

benchmarked to ice and salt compositions resulting 

from freezing of a hypothetical Na-Mg-Ca-SO4-Cl-H2O 

system representing a briny Europan ocean using start-

ing chemistries from [3], resulting in formation of  ice, 

mirabilite (Na2SO4•10H2O), epsomite  (MgSO4•7H2O), 

gypsum (CaSO4•2H2O), meridianiite (MgSO4•11H2O), 

hydrohalite (NaCl•2H2O), and leftover solute concen-

trations during freezing close to those of [3] with slight 

changes in sulfate species due to model improvements 

[2]. 

Spatial distribution of formed salts. In our hypothet-

ical scenario, we considered freezing in a spherical cry-

omagma chamber within an ice shell. We assumed that 

the chamber starts at the temperature at which ice begins 

to form, because the intruding liquid is sourced from the 

ice shell-ocean interface which is at the freezing point. 

It is also assumed that the intruding liquid retains the 

ocean composition (e.g., fluid velocities within frac-

tures of 1 m/s are postulated for Enceladus [4]) until the 

onset of freezing. The spatial distribution of solids that 

form in the chamber depends both on their relative den-

sities (ice < solution < salts) and on the relative time-

scales of freezing (governed by the chamber size and 

temperature contrast with the surrounding shell), salt 

formation (governed by temperature and chemical dise-

quilibrium), and salt settling (governed by grain size and 

convective or diffusive mixing). If freezing is faster than 

salt formation, as may occur initially if the fluid intru-

sion encounters a much colder surrounding ice shell, the 

forming salts are incorporated in the thickening cham-

ber wall (Fig. 1a). Otherwise, the solid distribution can 

span the end-members of Fig. 1b (no settling) and 1c 

(no mixing).  

Freezing takes place from the outside in. Initially, 

the liquid in the chamber undergoes fast freezing. Ice 

forming along the chamber wall traps the salts that pre-

cipitate in the area of ice formation, preventing the 

formed salts from continuing to equilibrate with the flu-

ids (fractional crystallization). As the liquid temperature 

decreases, the wall thickens, and the chamber shrinks. 

Assuming a uniform ice temperature around the cham-

ber, the wall thickness is uniform, the chamber remains 

spherical, and its dimensions can be described by a sin-

gle parameter R2 as shown in Fig. 1a. We look at the 

later equilibrium crystallization stage (in which the 

formed solids can still participate in chemical reactions, 

i.e., be subsequently consumed in forming other prod-

ucts more stable at lower temperatures) through two 

separate end-members. In one end-member, the liquid 

in the chamber is well mixed (Fig. 1b). During slow 

freezing, all salts are rejected from the thickening pure 

water ice wall (decreasing R2). In the second end-mem-

ber, we assume that the liquid in the chamber is not 

mixed (Fig. 1c). During slow freezing, mixed salts are 

rejected into the chamber and settle at the bottom, encir-

cled and overlain by a thickening pure H2O ice wall. 

In each case, starting from a PHREEQC freezing 

simulation output, we distribute volumes of ice and salts 

formed at each temperature step according to the above 

assumptions. This allows us to derive possible spatial 

distributions of salts intruded in ice shells. 
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Results: For the starting ocean composition of [3], 

in the case of fast freezing trapping salt in the thickening 

ice wall, our analysis indicated that when the eutectic is 

reached at ~236 K, the ratio of the chamber radius to its 

initial radius R1 (when ice first forms) is R2/R1 = 54%. 

The portion of the chamber inward of R2 is filled with 

the eutectic composition of solids. As shown in Fig. 1a, 

bottom pane, once fully frozen, the chamber comprises 

an outer shell rich in sulfates (70-90 vol.% of ice in-

creasing from the outside in, 2-26 vol.% meriidianiite, 

≤ 6 vol.% mirabilite, and <0.1 vol.% gypsum) that crys-

tallize at higher temperatures, whereas the chamber core 

is rich in sodium chloride (80 vol.% ice, 18 vol.% hy-

drohalite, and 2 vol.% meridianiite). 

 

 
Figure 1. Schematics of freezing spherical intrusion 

into an ice shell and spatial distribution of forming sol-

ids. (a) Fast freezing by fractional crystallization (top) 

with quantitative solid distribution for a starting fluid 

composition from [3] (bottom). (b) Slow freezing by 

equilibrium crystallization with salts excluded from ice 

and well mixed with chamber fluid. (c) As in (b), but 

with salts settling by density rather than remaining well-

mixed. Bottom pane: composition of the settled salt 

layer and (for R2/R1 < 0.54) central salt-ice eutectic 

mixture. 

 

In the slow freezing case where liquid is well-mixed 

in the chamber (Fig. 1b), when the eutectic temperature 

is reached at 240 K, R2/R1 = 64%. Outside of R2, the 

chamber is pure water ice; inward of R2 the homogene-

ous composition, not shown on Fig. 1, is given by eu-

tectic proportions of ice (26 vol.%) and salt (67 vol.% 

meridianiite, 10 vol.% hydrohalite, 0.2 vol.% gypsum). 

(The sum exceeds 100% due to volume changes associ-

ated with solid formation that, in practice, would be ac-

commodated by strain or fracturing.) 

In the end-member of slow freezing with no mixing 

(Fig. 1c), we introduce an additional parameter to de-

scribe the cumulative height of settled salt (H). Using 

formulae for spherical segments, the incremental sedi-

ment heights (h) at each temperature step of a 

PHREEQC output were calculated and added to obtain 

H. Given H and the volume of remaining solution at 

each temperature step, R2 was calculated using a binary 

search algorithm coded in Scilab. At the eutectic tem-

perature (240 K), H = 0.93 R1 and R2/R1 = 0.54. Similar 

to the fast freezing case, the composition switches from 

sulfate-dominated to mixed sulfate/chloride at R2/R1 = 

0.54. The bottom half of the chamber is sulfate-rich, 

with 80:20 volumetric proportions of Mg:Na-sulfate. 

The upper dome of radius 0.54 R1 comprises about 2/3 

Mg-sulfate, ¼ ice, and 10% NaCl by volume. 

 

Discussion: Distinction between cases (a), (b), and 

(c) is not warranted in simpler, binary systems (e.g., 

NaCl-H2O or MgSO4-H2O). For such systems, salts only 

begin crystallizing at the eutectic as in case (b) or in case 

(c) with H = 0 (the height of salts settled before the eu-

tectic is reached). However, realistic ocean composi-

tions comprise multiple salts that, upon freezing, can be-

come distributed in a fashion bounded by the end-mem-

bers simulated here. We are investigating additional salt 

distributions for up-to-date simulated compositions of 

Europa’s ocean based on devolatilization of accreted 

rocky material and water-rock interaction [5]. 

Our simulations can quantify the water activity and 

micronutrient supply of near-surface liquid water envi-

ronments. These aspects will be examined next. 

Salts tend to be denser, more insulating, and stronger 

than water ice. This can affect the propensity for frac-

turing and convection within an ice shell, affecting sur-

face ↔︎ ocean exchange in ways which will be quantita-

tively investigated in upcoming work. 
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