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Abstract

The composition of impurities in ice controls the stability of liquid water and thus the distribution of potential aqueous habitats.

We present a framework for modeling the brine volume fraction in impure water ice as a polynomial function of temperature and

bulk ice salinity, inspired by models originally developed for sea ice. We applied this framework to examine the distribution of

brine within the thermally conductive layer of Europa’s ice shell, considering binary (NaCl and MgSO4) and multi-ion “analog”

(Cl-dominated and SO4-dominated) endmember impurity compositions. We found the vertical extent of brine in a conductive

ice layer, expressed as a fraction of the total layer thickness, to be <12% for NaCl, <2% for MgSO4, and <18% for both the

analog endmember impurity compositions, suggesting that the depth where brine is stable in an ice shell is more sensitive to

composition when only two ionic species are present. For the same temperature and bulk ice salinity, the brine volume fraction

is higher in a Cl-dominated ice shell than a SO4-dominated ice shell. Pressure, governed by the ice thickness, was found to have

only a minor effect on the vertical extent of brine within an ice shell, relative to temperature and bulk salinity. The minimum

stable bulk ice shell salinity formed through freezing of an ocean was found to be insensitive to composition and ultimately

governed by the magnitude of the assumed percolation threshold.

1



manuscript submitted to JGR: Planets

Compositional Controls on the Distribution of Brine in1

Europa’s Ice Shell2

N. S. Wolfenbarger1, M. G. Fox-Powell2, J. J. Buffo3, K. M. Soderlund1, D. D.3

Blankenship1
4

1Institute for Geophysics, Jackson School of Geosciences, University of Texas at Austin, Austin, Texas,5

USA6

2AstrobiologyOU, The Open University, Walton Hall, Milton Keynes, UK7

3Dartmouth College, Hanover, New Hampshire, USA8

Key Points:9

• The brine volume fraction of impure water ice can be represented as a polynomial10

function of temperature and bulk ice salinity.11

• For the same temperature and bulk salinity, the brine volume fraction in a Cl-dominated12

ice shell is higher than a SO4-dominated ice shell.13

• The magnitude of the percolation threshold governs the minimum fraction of salt14

entrained in ice formed through freezing of an ocean.15
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Abstract16

The composition of impurities in ice controls the stability of liquid water and thus the17

distribution of potential aqueous habitats. We present a framework for modeling the brine18

volume fraction in impure water ice as a polynomial function of temperature and bulk19

ice salinity, inspired by models originally developed for sea ice. We applied this frame-20

work to examine the distribution of brine within the thermally conductive layer of Eu-21

ropa’s ice shell, considering binary (NaCl and MgSO4) and multi-ion “analog” (Cl-dominated22

and SO4-dominated) endmember impurity compositions. We found the vertical extent23

of brine in a conductive ice layer, expressed as a fraction of the total layer thickness, to24

be < 12% for NaCl, < 2% for MgSO4, and < 18% for both the analog endmember im-25

purity compositions, suggesting that the depth where brine is stable in an ice shell is more26

sensitive to composition when only two ionic species are present. For the same temper-27

ature and bulk ice salinity, the brine volume fraction is higher in a Cl-dominated ice shell28

than a SO4-dominated ice shell. Pressure, governed by the ice thickness, was found to29

have only a minor effect on the vertical extent of brine within an ice shell, relative to tem-30

perature and bulk salinity. The minimum stable bulk ice shell salinity formed through31

freezing of an ocean was found to be insensitive to composition and ultimately governed32

by the magnitude of the assumed percolation threshold.33

Plain Language Summary34

When ice forms from salt water, salt is excluded from the ice causing the remain-35

ing liquid water to become more saline, forming brine. We developed a method to build36

models that estimate how much brineexists in ice at a certain temperature for a certain37

amount of salt. Because water is a necessary ingredient for life, places where brine ex-38

ists in ice represent potential habitats. We applied our method to the ice shell of Jupiter’s39

moon Europa, assuming the ice shell formed from an ocean. Two possible oceans made40

up of different types of dissolved salts were considered. We found that the depth where41

brine is stable in an ice shell is more sensitive to the type of salt when two ions are present42

than when four ions are present. When the salt is made mostly of chloride, a larger vol-43

ume of brine exists than when the salt is made up mostly of sulfate. The thickness of44

the ice shell did not affect the percentage of the ice layer where brine existed as much45

as temperature or the amount of salt did. The type of salt in the ocean did not affect46

how much salt was retained in the ice.47
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1 Introduction48

The presence of liquid water has long guided the search for life beyond Earth (Des Marais49

et al., 2008). Once thought to be confined to the “Goldilocks zone”, vast oceans have50

been inferred to exist beneath the thick ice shells of moons in the outer solar system (Hand51

et al., 2020). Although these sub-ice oceans represent the most compelling potential habi-52

tats in the outer solar system (Shematovich, 2018), they are covered by ice shells that53

can range from kilometers to hundreds of kilometers thick (Soderlund et al., 2020). Im-54

purities within the ice shell, such as salts, acids, or organic compounds, could allow for55

liquid water to remain stable at temperatures well below that predicted by the pressure-56

melting curve of pure water (Marion et al., 2003, 2005; Ruiz et al., 2007). These impu-57

rities support the formation of intra-ice shell brine pockets, which could represent po-58

tential habitats that might be more accessible than the sub-ice ocean (Kargel et al., 2000;59

Marion et al., 2003).60

Estimating the distribution of brine in an ice shell represents an important step61

in studying the habitability of ocean worlds. The brine volume fraction governs a num-62

ber of bulk ice thermophysical properties, such as density, thermal conductivity, specific63

heat capacity, and viscosity (Petrich & Eicken, 2017). These thermophysical properties64

in turn govern processes of surface-ice-ocean exchange (e.g., solid-state convection, sub-65

duction, diapirism), thought to be important for habitability (Soderlund et al., 2020).66

Because the brine volume fraction also governs bulk dielectric properties, building mod-67

els for the distribution of brine in an ice shell represents critical context for interpreta-68

tion of ice-penetrating radar data collected by the upcoming JUpiter ICy moons Explorer69

(JUICE) and Europa Clipper missions (Blankenship et al., 2009, 2018; Bruzzone et al.,70

2013). In this work we focus on modeling the distribution of brine in the ice shell of Jupiter’s71

moon, Europa, although we note the approach can be applied to impure water ice of any72

composition.73

Impurities are incorporated into Europa’s ice shell either by accretion of oceanic74

material at the ice-ocean interface (endogenic) (Buffo et al., 2018; Zolotov & Shock, 2001;75

Wolfenbarger et al., 2022), or the introduction of material at the surface through impactors76

or implantation by Io’s plasma torus (exogenic) (Carlson et al., 2009; Brown & Hand,77

2013; Ligier et al., 2016; Hendrix et al., 2011). Whereas exogenic impurities are sulfur-78

dominated, the composition of endogenic impurities is less well constrained. Magnesium79

–3–



manuscript submitted to JGR: Planets

sulfate salts detected at the surface were originally thought to be derived from the ocean80

due to their correlation with young features (McCord et al., 1998; Hibbitts et al., 2019).81

However, higher spectral resolution Earth-based measurements using the W. M. Keck82

Observatory challenged this interpretation, finding that although the magnesium may83

be endogenic, the sulfates were likely exogenic, suggesting that chlorides could be the84

dominant endogenic anion (Brown & Hand, 2013). Subsequent measurements using Earth-85

based telescopes revealed signatures of chloride salts correlated to resurfacing features,86

supporting an oceanic origin (Trumbo et al., 2019; Ligier et al., 2016; Tan et al., 2022).87

Although observations of Europa’s tenuous atmosphere suggest that sodium is the pre-88

dominant cation, magnesium may still be abundant on the surface but inefficiently re-89

leased into the atmosphere by sputtering (Ligier et al., 2016; Brown, 2001; Hörst & Brown,90

2013). In this work we focus on endogenic impurities and leave exogenic impurities to91

future work. Ultimately, the composition of the ice shell resulting from entrainment of92

ocean material is governed by the composition of the sub-ice ocean, the rate of ice shell93

solidification, and processes operating within the ice shell that may promote fraction-94

ation, such as flushing by drainage of meltwater generated from tidal or shear heating95

(Wolfenbarger et al., 2022). As such, although we have constraints on the composition96

of surface impurities, there is still ambiguity to whether Europa’s ocean is dominated97

by magnesium sulfate or sodium chloride salts.98

Here we present a framework for modeling the brine volume fraction in ice, inspired99

by models developed for terrestrial sea ice (Sections 2.1 – 2.2). Whereas previous meth-100

ods used data from a single freezing experiment to obtain properties of seawater brine101

as a function of temperature (Assur, 1960; Cox & Weeks, 1983), we employ the open source102

aqueous geochemistry program FREZCHEM to model the properties of multiple brines103

of different compositions (Marion & Kargel, 2007). We validate our approach by com-104

paring against existing models for the brine volume fraction of sea ice (Section 2.3). For105

temperatures below the eutectic, brine is no longer stable; however, residual salts can106

serve as an indicator of relict water systems and thus as a signature of former potential107

habitats. As such we also consider the salt volume fraction and propose a model for its108

calculation in conjunction with brine volume fraction (Section 2.4). A method is pro-109

posed to account for the influence of pressure (Section 2.5). We adopt a linear temper-110

ature profile to represent both the case of a conductive lid overlying a convective ice layer111

and a thin, fully conductive ice shell (Section 2.6). A major motivation for the develop-112
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ment of the proposed framework is to facilitate the incorporation of more complex chem-113

ical species in geophysical investigations of ocean worlds. Application of this framework114

to ice shell models can ensure thermodynamic consistency is maintained without requir-115

ing direct integration with aqueous geochemistry software, which can introduce signif-116

icant computational complexity and cost. By representing the chemical evolution of brine117

as it freezes using polynomial functions, we can translate the complex output of geochem-118

istry software to a more broadly accessible, directly applicable form. This is an impor-119

tant step in facilitating multi-disciplinary research that is key to advancing the field of120

astrobiology.121

We evaluate the distribution of thermodynamically stable brine for a thermally con-122

ductive ice layer of arbitrary thickness. Initially we consider two binary endmember com-123

positions: NaCl and MgSO4 (Section 3.1) before we increase the geochemical complex-124

ity and consider multi-ion systems with compositions more representative of natural wa-125

ters that incorporate endmember compositions for Europa’s ocean (Section 3.2). These126

more complex compositions are referred to as “analog” endmember compositions and127

represent a chloride-dominated and a sulfate-dominated Europan ocean. The influence128

of ice shell thickness (i.e., pressure) on the vertical extent of brine for the assumed lin-129

ear temperature profile is examined for the analog endmember compositions (Section 3.3).130

The role of composition in governing bulk ice shell salinity is explored (Section 3.4), mo-131

tivated by previous studies which argued that the brine volume fraction at which brine132

drainage can no longer occur, (i.e., a percolation threshold), may represent a critical pa-133

rameter (Buffo et al., 2020, 2021; Wolfenbarger et al., 2022).134

2 Methods135

Impure ice is a multiphase, multicomponent system made up of solid ice, solid salts,136

liquid water, dissolved salts (i.e., ions), and trapped gases. The volume of brine stable137

in ice is governed by the bulk salinity of the ice, the temperature, and the composition138

of the salts. Representing the brine volume fraction as a function of these parameters139

for a particular brine system requires knowledge of the phase behaviour (i.e., the con-140

centration or mass of ionic species, brine, ice, and precipitates as a function of temper-141

ature). Methods developed to model the brine volume fraction in sea ice, which repre-142

sents the most ubiquitous and well-studied form of saline ice on Earth, serve as a foun-143

dation to develop models for saline ice on other worlds.144
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2.1 Equations for Modeling the Brine Volume Fraction of Sea Ice145

An equation for the brine volume fraction of sea ice as a function of temperature,146

T , can be obtained from the relationships presented in Cox and Weeks (1983) (see SI 1.1)147

and is given by148

Vb

V
(T ) =

(
1− Va

V
(T )

)
ρi(T )S

F1(T )− ρi(T )SF2(T )
, (1)

where Vb

V is the brine volume fraction, Va

V is the gas volume fraction, ρi is the density149

of pure water ice in units of g/cm3, and S is the bulk salinity of the ice in units of ppt150

(i.e., weight percent expressed in g/kg solution). Note that for this work, we neglect the151

presence of trapped gases and assume Va

V = 0. F1 and F2 are functions representing the152

properties of terrestrial seawater between the pure ice pressure melting temperature, Tm,153

and the eutectic temperature, Teut. These phase behavior functions are defined as154

F1(T ) = ρb(T )Sb(T )(1 + k(T )) (2)

where ρb is the brine density in units of g/cm3, Sb is brine salinity in units of ppt, and155

k is the ratio of the mass of solid salts (excluding bound water molecules) to the mass156

of dissolved salts in the brine, and157

F2(T ) = (1 + C(T ))
ρb(T )

ρi(T )
− C(T )ρb(T )

ρss(T )
− 1 (3)

where ρss is the density of solid salts (i.e., precipitates) in units of g/cm3 and C is the158

ratio of mass of solid salts to the mass of brine. The original model of Cox and Weeks159

(1983), assumed a constant salt density of ρss = 1.5 g/cm3; however, here we use ρss160

to represent the total salt density as a function of temperature (see SI 1.2). Note that161

the temperature dependence of ρss represented here reflects the changing composition162

of salts, which are used to calculate the total density. We assume the density of an in-163

dividual salt mineral is temperature invariant. The salt volume fraction can be expressed164

in terms of the brine volume fraction (where brine is stable) using an additional phase165

behavior function, which we define as F3. The expression for the salt volume fraction166

is given by167
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Vss

V
(T ) = F3(T )

Vb

V
(T ) (4)

where Vss

V is the salt volume fraction, Vb

V is the brine volume fraction, and168

F3(T ) = C(T )
ρb(T )

ρss(T )
. (5)

Note that Cox and Weeks (1983) do not explicitly define a phase behavior function for169

the salt volume fraction as we do here, likely because the salt volume fraction is often170

negligible in sea ice applications.171

These equations allow the brine volume fraction and salt volume fraction of impure172

water ice to be represented as a function of bulk ice salinity and temperature for the tem-173

perature range where brine is stable in the ice (i.e., from the pure ice pressure melting174

temperature to the eutectic temperature). Accordingly, the values of the phase behav-175

ior functions at the pure ice pressure melting temperature are F1(T = Tm) = 0, F2(T =176

Tm) = ρw(T=Tm)
ρi(T=Tm) − 1, and F3(T = Tm) = 0, where ρw represents the density of pure177

water. Although these phase behavior functions are defined up to the pure ice pressure178

melting temperature, ice will not be stable at the pure ice pressure melting temperature179

for a bulk ice salinity greater than 0 ppt. The presence of salts will cause the freezing180

temperature to be lower than the pure ice pressure melting temperature (i.e., freezing181

point depression occurs when impurities are present).182

A feature of this model is that the predicted brine volume fraction exceeds unity183

(non-physical) as the temperature increases beyond the freezing temperature for a spec-184

ified bulk ice salinity. For example, this model predicts the brine volume fraction of 10185

ppt sea ice will exceed unity at −0.054 ◦C which corresponds to the freezing tempera-186

ture for 10 ppt terrestrial seawater. At temperatures which far exceed the freezing tem-187

perature, the model will transition from predicting brine volume fractions above unity188

to negative brine volume fractions (also non-physical). These non-physical brine volume189

fractions can be redefined as unity since they indicate conditions (temperature and bulk190

salinity) where ice is not thermodynamically stable and the solution is entirely liquid.191

The phase behavior functions, F1 and F2, for terrestrial seawater were originally192

derived using the phase equilibrium table of Assur (1960), based off the experimental data193

of Nelson and Thompson (1954) and Ringer (1906). These experiments studied the phase194
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behavior as a function of temperature for a solution composition representative of stan-195

dard terrestrial seawater. Although data were collected down to −54 ◦C, the phase be-196

havior functions were only defined down to −30 ◦C, likely because this represented the197

temperature range of interest for terrestrial seawater. Later work using the open source198

aqueous geochemical modeling tool, FREZCHEM, demonstrated that the so-called Ringer-199

Nelson-Thompson (RNT) freezing pathway constructed by Assur (1960) may not be rep-200

resentative of the thermodynamically stable pathway for the freezing of terrestrial sea-201

water (Marion et al., 1999). Instead, equilibrium freezing of terrestrial seawater appears202

to follow the experimental data of Gitterman (1937) which were unfortunately excluded203

from the work of Assur (1960) because the data were not available to him. More recent204

studies of the freezing of artificial sea ice brines have been consistent with the Gitter-205

man pathway (Geilfus et al., 2013; Butler & Kennedy, 2015).206

The major difference between these two pathways is the eutectic temperature, which207

is a consequence of the early precipitation of gypsum (CaSO4·2H2O) along the Gitter-208

man pathway (Marion et al., 1999). As a result of this, the Gitterman pathway reaches209

the eutectic at −36.2 ◦C with the precipitation of magnesium chloride dodecahydrate210

(MgCl2·12H2O), whereas the RNT pathway reaches the eutectic at −53.8 ◦C with the211

precipitation of antarticite (CaCl2 · 6H2O). Recent studies of both natural and artifi-212

cial sea ice support that the Gitterman pathway best represents the equilibrium freez-213

ing of seawater (Geilfus et al., 2013; Butler & Kennedy, 2015; Butler, Papadimitriou, San-214

toro, & Kennedy, 2016; Butler et al., 2017; Butler, Papadimitriou, & Kennedy, 2016).215

Practically, this implies brine in sea ice is not thermodynamically stable below temper-216

atures of −36.2◦C. A detailed study of these two freezing pathways can be found in Marion217

et al. (1999).218

Although FREZCHEM has been leveraged to study the equilibrium freezing of ter-219

restrial seawater (Gitterman pathway) in a number of works since its inception (e.g., Van-220

coppenolle et al., 2019; Geilfus et al., 2013; Butler, Papadimitriou, Santoro, & Kennedy,221

2016), the phase diagram of Assur (1960) (RNT pathway), is still the basis for model-222

ing the brine volume fraction of sea ice (Petrich & Eicken, 2017). This could be respon-223

sible for introducing errors in estimates of sea ice brine volume fraction. For application224

to an ice shell, differences in eutectic temperatures resulting from freezing pathways and/or225

composition could translate to errors of up to a kilometer in predicted vertical brine ex-226

tent as we will demonstrate in Section 3.1. This emphasizes the importance of accurately227
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representing the thermochemical dynamics of unique brine compositions in both geophys-228

ical and astrobiological investigations.229

2.2 A Framework for Modeling the Distribution of Brine in Saline Ice230

Although the equations in Section 2.1 were originally derived for application to sea231

ice, the approach is fundamentally agnostic to the solution composition, which can be232

represented by the phase behavior functions, F1, F2, and F3. Furthermore, the advent233

of aqueous geochemistry software, such as FREZCHEM and PHREEQC, provides ac-234

cess to virtual laboratories where freezing experiments can be conducted for saline wa-235

ter on Earth and across the solar system (Marion & Kargel, 2007; Parkhurst et al., 2013).236

These software represent implementations of Pitzer models, where parameters derived237

from experimental data of binary or ternary salt solutions are extended to model more238

complex brine mixtures at different temperatures and pressures (Pitzer, 1991; Toner et239

al., 2015; Marion & Kargel, 2007; Parkhurst et al., 2013). These software are used ex-240

tensively in planetary science, and have been applied to modeling brines on a number241

of worlds beyond Earth including Mars (e.g., Toner et al., 2014a, 2014b, 2015; Marion242

et al., 2013, 2016; Elsenousy et al., 2015), Europa (e.g., Zolotov & Shock, 2001; Marion243

et al., 2003, 2005; Kargel et al., 2000; Vance et al., 2019), Titan (e.g., Marion et al., 2012,244

2014, 2015), and Enceladus (e.g., Marion et al., 2012; Fox-Powell & Cousins, 2021; Zolo-245

tov, 2007).246

Because these virtual laboratories are built on estimated chemical parameters, they247

are subject to certain limitations imposed by the experimental data used to derive them.248

For example, the database that serves as the basis for FREZCHEM does not include ther-249

mal data (e.g., enthalpy and heat capacity), which could impact predictions at low tem-250

perature, or certain sulfate minerals, which could impact which mineral phase precip-251

itates (Toner & Catling, 2017b, 2017a). A major limitation of FREZCHEM is that not252

all ion groupings have relevant Pitzer parameters and as such it is not internally self-consistent253

(Toner & Catling, 2017a). A new database developed for PHREEQC, ColdChem, im-254

proves on the database used in FREZCHEM by incorporating thermal properties and255

maintaining internal self-consistency; however, the database is currently limited to the256

Na-K-Ca-Mg-Cl-SO4 system (Toner & Catling, 2017b, 2017a).257
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For this work we employ FREZCHEM version 15.1 for all freezing simulations with258

the exception of terrestrial seawater, where we use version 13.3. For terrestrial seawa-259

ter, version 15.1 fails to converge where meridianiite should begin to precipitate and thus260

version 15.1 is unable to simulate freezing down to the eutectic temperature. We use FREZCHEM261

for this work, as opposed to the ColdChem database in PHREEQC, for the following rea-262

sons: (i) FREZCHEM outputs which salt mineral phases are likely to form at the eu-263

tectic temperature, beyond the final convergent temperature step, (ii) FREZCHEM in-264

cludes carbonates, which allows us to model the freezing of terrestrial seawater, and (iii)265

ColdChem does not include molar volumes for solid phases, which prohibits the calcu-266

lation of terms necessary for our framework, such as brine density and solid salt density.267

For the endmember compositions for Europa’s ocean considered here, the salt precip-268

itation sequence predicted by PHREEQC and FREZCHEM are comparable (see Table269

S7).270

All FREZCHEM simulations were conducted assuming an initial temperature of271

0 ◦C (273.15 K) and a temperature decrement of 0.1 K. An initial temperature of 0 ◦C272

was chosen to ensure that the onset of ice formation would be captured. We define the273

eutectic temperature as the temperature associated with the final convergent temper-274

ature step, as opposed to the temperature where FREZCHEM fails to converge. The pa-275

rameters k, C, ρb, and Sb as a function of temperature can be derived from the FREZCHEM276

output file, which contains the solution composition and mineral phases at temperatures277

ranging from the initial temperature, specified in the input file, to the eutectic temper-278

ature, where the model no longer converges. The densities of solid salts are not directly279

output; however, molar volumes for each salt mineral are incorporated into the software280

and documented in the literature (Marion et al., 2005, 2012). These molar volumes are281

assumed to be independent of temperature and pressure. Temperature steps above the282

freezing point are excluded since they represent solution properties at a fixed salinity.283

Figure 1 presents a flowchart illustrating the framework for modeling the volume frac-284

tion of ice, brine, and solid salts leveraging the output of aqueous geochemistry software.285

We note that only a single freezing simulation is needed to obtain the phase behavior286

functions for a given composition, analogous to the single dataset which represents the287

basis for the phase behavior functions for terrestrial seawater.288
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𝑆

Phase Behavior 
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𝜌𝑖(𝑇)
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𝑉
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𝑏: mass of salt in brine

𝑚𝑏: mass of brine
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Solid Salt Volume 
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𝑉𝑠𝑠
𝑉

𝑇

Brine Volume 
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𝑉𝑏
𝑉

𝑇

Figure 1. Flowchart describing our framework for modeling the volume fraction of brine and

salt in saline ice.

A major advantage of this framework is that bulk ice salinity is decoupled from the289

composition of impurities. In other words, a single model derived for impure ice of a spec-290

ified composition can be used to estimate the brine volume fraction for bulk ice salin-291

ities from infinite dilution to the eutectic salinity. However, to obtain the phase behav-292

ior functions for a specified composition, an initial solution concentration must be as-293

sumed. In the case of sea ice, recall that the original phase behavior functions were de-294

rived from experimental data from the freezing of 35 ppt terrestrial seawater. To exam-295

ine the influence of the initial salinity on the phase behavior functions for a specified so-296

lution composition, we conducted a sensitivity study. Figure 2 illustrates the phase be-297

havior functions derived from FREZCHEM simulations of terrestrial seawater (Millero298

et al., 2008) over a temperature range from 0 ◦C to −36.2 ◦C. The seawater salinity (i.e.,299

the brine salinity specified in the FREZCHEM input file, corresponding to the brine salin-300

ity prior to any ice formation, Sb(T = T0)) is varied to study the sensitivity of the phase301

behavior functions to the initial solution concentration. Note that the phase behavior302

functions shown here are truncated at the freezing temperature instead of extending to303

the pure ice pressure melting temperature, to show where the curves are overlapping.304

Although F2(T ) and F3(T ) are not influenced by the seawater salinity, F1(T ) starts to305

exhibit appreciable differences when the salinity exceeds 100 ppt.306
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Figure 2. Phase behavior functions derived from FREZCHEM simulations of terrestrial

seawater, assuming a range of initial seawater salinities Sb(T = T0).

The source of the discrepancy in F1(T ) above 100 ppt can be attributed to the k307

term in Eq. (2). A higher k at a given temperature will cause a relative decrease in F1(T ).308

Because k represents a quantification of salt precipitation normalized by the amount of309

dissolved salts in the brine, it is affected by changes in the salt precipitation sequence310
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(see Table S1). Below 100 ppt, the salt precipitation sequence is not influenced by the311

initial seawater salinity. Above 100 ppt, seawater is supersaturated with respect to cer-312

tain salt minerals, specifically ikaite (CaCO3·6H2O) for an initial seawater salinity ≥100313

ppt, gypsum (CaSO4·2H2O) for an initial seawater salinity ≥150 ppt, and mirabilite (Na2SO4·10H2O)314

for an initial seawater salinity ≥150 ppt. Supersaturation causes the salt to precipitate315

at the first temperature step in the FREZCHEM simulation (T = 0◦C). The supersat-316

uration of ikaite which occurs for an initial seawater salinity ≥100 ppt does not appear317

to noticeably affect F1(T ), because the mass of ikaite which precipitates is negligible rel-318

ative to the mass of dissolved salts in the brine. However for an initial seawater salin-319

ity ≥150 ppt, the combined mass of ikaite and gypsum precipitating at the first temper-320

ature step is no longer negligible relative to the mass of dissolved salts in the brine. Ad-321

ditionally, because the ion activities are higher at the first temperature step due to a higher322

initial concentration, a greater total mass of solid salts precipitate at the first temper-323

ature step, increasing k and thus decreasing F1(T ) at every consecutive temperature step.324

There are two important takeaways of the sensitivity study shown in Fig. 2 and325

Table S1: (i) the phase behavior functions are independent of the initial solution salin-326

ity, so long as the initial solution is sufficiently dilute (i.e., the solution is not supersat-327

urated with respect to any salt) and (ii) the phase behavior functions are defined over328

a larger temperature domain for a lower initial solution salinity. Because terrestrial sea-329

water has a salinity of approximately 35 ppt, the phase behavior functions were origi-330

nally only defined for temperatures up to the freezing point of terrestrial seawater (Tf ≈331

−2 ◦C). The domain of the phase behaviour functions was eventually extended up to the332

pure ice pressure melting temperature of 0 ◦C (Leppäranta & Manninen, 1988), to rep-333

resent more dilute solutions with relative compositions equivalent to terrestrial seawa-334

ter (e.g., sea ice formed from the brackish waters of the Baltic Sea). This extension of335

the phase behavior functions to the pressure melting temperature amounts to interpo-336

lating the phase behavior functions between the freezing point to the pure ice pressure337

melting temperature. These extended phase behavior functions are analogous to the liq-338

uidus in simple binary systems. Brine density and brine salinity decrease to pure wa-339

ter as the temperature increases to the pure ice pressure melting point, and the brine340

density and brine salinity increase to the eutectic as the temperature decreases.341
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2.3 Validation through Comparison with Sea Ice342

We validate our brine volume fraction model through comparison with the exist-343

ing sea ice brine fraction model (Petrich & Eicken, 2017), originally obtained by Cox and344

Weeks (1983) and augmented by Leppäranta and Manninen (1988). We use FREZCHEM345

v13.3 to derive the phase behavior functions for terrestrial seawater, represented by the346

composition of Millero et al. (2008) in Marion et al. (2009). Figure 3 presents a compar-347

ison of the brine salinity, brine density, and phase behavior functions between the two348

models. The circles in the brine salinity curve are extracted directly from the phase equi-349

librium table of Assur (1960). The solid black curves in each plot depict the output of350

FREZCHEM. Note that because the FREZCHEM simulations are run for a specified im-351

purity concentration (i.e., initial salinity), the phase behavior functions can only be de-352

fined from FREZCHEM output up to the solution freezing temperature, where ice be-353

gins to form (e.g., Tf ≈ −2 ◦C for 35 ppt terrestrial seawater). To extend the domain354

of the phase behavior functions to the pure ice pressure melting temperature, we define355

an additional data point at the pure ice pressure melting temperature, corresponding to356

the value of the phase behavior functions for a brine salinity of zero and a brine density357

density equivalent to that of pure water (see Section 2.1). The black dashed curves de-358

pict the existing model for sea ice. The vertical dotted lines depict the temperatures at359

which salts begin to precipitate as the solution freezes. The thin red curves represent the360

phase behavior functions we derived by fitting piecewise polynomial functions of tem-361

perature to the FREZCHEM output (Table S2). Note that the functional form of our362

model is the same as existing model. The kinks in the phase behavior functions corre-363

spond to major precipitation events that occur along the freezing pathway, mainly the364

formation of hydrohalite (NaCl·2H2O) at −22.9 ◦C and meridianiite (MgSO4·11H2O)365

at −33.3 ◦C. The brine density model used in the existing approach assumes a linear de-366

pendence of brine density on brine salinity, originally proposed by Zubov (1945), whereas367

our model extracts the brine density and brine salinity directly from the FREZCHEM368

output file.369

Our model derived using FREZCHEM, presented in Table S2, agrees well with the370

existing model for temperatures above −22.9 ◦C, where hydrohalite begins to precipi-371

tate. For temperatures below −22.9 ◦C, our phase behavior functions exceed the exist-372

ing model (Petrich & Eicken, 2017). This deviation is in part due to the underpredic-373

tion of brine density in the existing model relative to that estimated by FREZCHEM.374

–14–



manuscript submitted to JGR: Planets

An additional expected source of discrepancy is the freezing pathway represented in each375

model. Recall that modeling the equilibrium freezing of terrestrial seawater in FREZCHEM376

is consistent with the Gitterman pathway which more accurately represents the equilib-377

rium freezing of terrestrial seawater than the RNT pathway assumed in the existing model.378

Our model extends the temperature domain where the brine volume fraction can be cal-379

culated for sea ice to below −30 ◦C. Although for Earth applications this temperature380

range may only be relevant under extreme conditions, defining the phase behavior func-381

tions over the entire temperature domain where brine is stable is critically relevant for382

application to the ice shells of ocean worlds.383
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Figure 3. Validation of our framework through comparison of the phase behavior functions

(F1(T ) and F2(T )), brine density (ρb), and brine salinity (Sb). The vertical dotted lines illus-

trate the temperature where a mineral (specified in the top panel) first begins to precipitate.

The black solid curves represent values from FREZCHEM output, the black dashed curves rep-

resent the existing model of Petrich and Eicken (2017) that is based on the Assur (1960) dataset

(denoted by black dots), and the thin red curves represent the model derived in this work (Ta-

ble S2). Recall that curves derived from FREZCHEM are extended to temperatures above the

freezing point of seawater to the pure ice pressure melting temperature, as described in Section

2.1.
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Figure 4 presents a comparison of the brine volume fraction estimate for sea ice us-384

ing our phase behavior functions in Table S2 and the phase behavior functions in the ex-385

isting model of Petrich and Eicken (2017). S = 5 ppt is chosen because it represents386

a typical bulk salinity for sea ice and because of its significance to the “golden rule of387

fives”, where at a bulk salinity of 5 ppt, the brine volume fraction is 5% at −5 ◦C (Golden388

et al., 1998). Instead of assuming a linear temperature dependence for the pure ice den-389

sity term in Eq. (1), as is typically assumed (Petrich & Eicken, 2017), we use the equa-390

tion of state for ice Ih released by the International Association for the Properties of Wa-391

ter and Steam (IAPWS) in IAPWS R10-06(2009), originally published by Feistel and392

Wagner (2006). We similarly use the equation of state for water released by the IAPWS393

in IAPWS SR7-09(2009), originally published by Feistel (2008), to obtain the density394

of water term needed to define F2(T = Tm) in Eq. (3). Similarly to Fig. 3, we use dot-395

ted lines to represent temperatures where salts begin to form as the solution freezes. Our396

estimated brine volume fractions are in good agreement with those predicted by the ex-397

isting model for temperatures above −22.9 ◦C. The model of Petrich and Eicken (2017)398

predicts a slightly increased brine volume fraction at a given temperature relative to our399

model.400

Importantly, both models are consistent with the “golden rule of fives”, depicted401

as a yellow star in Fig. 4. The brine volume fraction of 0.05, often referred to as a crit-402

ical porosity, is an important parameter in sea ice desalination models because it rep-403

resents an apparent percolation threshold (Petrich et al., 2011; Turner et al., 2013; Buffo404

et al., 2018). Below a brine volume fraction of 0.05, convection-driven desalination no405

longer occurs due to a significant reduction in permeability (Golden et al., 1998, 2007;406

Pringle et al., 2009). This critical porosity applies to congelation sea ice, which is char-407

acterized by columnar ice crystals that grow parallel to the temperature gradient (Golden408

et al., 1998; Wolfenbarger et al., 2022). The agreement between our model and the ex-409

isting model for sea ice (maximum deviation of 3.5% at approximately T = −15 ◦C and410

standard deviation of < 2 × 10−3 for S = 5 ppt) validates our approach; using aque-411

ous geochemistry software to derive phase behavior functions to model the brine volume412

fraction of ice formed through the freezing of oceans on other worlds.413
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Figure 4. Brine volume fraction as a function of temperature for sea ice of bulk salinity S = 5

ppt. The vertical dotted lines illustrate the temperature where each mineral starts to precipitate.

The solid curves represent the values derived in this work and the dashed lines represent the

existing model. The yellow star illustrates the “golden rule of fives”.

2.4 Estimating the Salt Volume Fraction below the Eutectic Temper-414

ature415

Below the eutectic temperature (i.e., where brine is not thermodynamically sta-416

ble), the salt volume fraction can be estimated using the expected mass fraction of solid417

salts at the eutectic temperature. Although FREZCHEM specifies which minerals are418

precipitating at/beyond the eutectic, it does not calculate the amount of each mineral419

precipitating. For a binary system (e.g., NaCl) estimating the mass fraction of solid salts420

at/beyond the eutectic is trivial since ions are contributing to only one non-ice mineral.421

For example, a 1 molal solution of NaCl, corresponding to a solution salinity of 55 ppt,422

will yield 1 mole of NaCl·2H2O, which translates to a solid salt mass fraction of 89 ppt.423

Because the mass of NaCl·2H2O is higher than that of NaCl, the weight percent is higher.424

To obtain an estimate of the total mass of solid salts at/beyond the eutectic for more425

complex solutions, we must account for all salts which are precipitating (see SI 1.3). We426

define a scale factor, k∗, which represents the ratio of the total mass of solid salts at the427

eutectic, mss(T ≤ Teut), to the initial mass of dissolved salts in solution prior to any428

ice formation, mb
s(T = T0) (i.e., k

∗ = mss(T≤Teut)
mb

s(T=T0)
). This scale factor is necessary be-429
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cause although the total mass of ionic impurities does not change as the solution freezes430

(i.e., mass is conserved), the salt minerals that precipitate can be hydrated (i.e., include431

bound water molecules). As such, the total mass of solid salts at the eutectic can exceed432

the initial mass of dissolved salts. k∗ thus accounts for the hydration of all minerals that433

precipitate as the solution freezes, including those which form at/beyond the eutectic.434

To obtain an estimate of the salt volume fraction below the eutectic temperature, an es-435

timate of the salt density is also needed. We calculate a total salt density, incorporat-436

ing the estimate of solid salts formed at the eutectic, from the FREZCHEM output file.437

We can express the salt volume fraction in terms of these variables as438

Vss

V
(T ≤ Teut) =

Sk∗

Sk∗ + (1000− Sk∗)ρss(T=Teut)
ρi(T )

(6)

where S is the bulk ice salinity in units of ppt and ρss(T = Teut) is the density of solid439

salts (i.e., precipitates) in units of g/cm3 at the eutectic temperature.440

2.5 Accounting for the Influence of Pressure441

One limitation of our approach is that the pressure is assumed to be fixed (i.e., the442

pressure dependence of phase behavior is not modeled). This may not be an appropri-443

ate assumption for modeling the stability of brine where ice shells exceed a certain thick-444

ness, and the influence of overburden pressure is no longer negligible. One atmosphere445

of pressure, the pressure assumed in the brine volume fraction estimated for sea ice in446

Fig. 4, is the pressure equivalent to ∼100 meters of ice at Europa, which could repre-447

sent <1% of the total ice shell thickness. Earlier work has studied the influence of pres-448

sure on brine chemistry, specifically with application to Europa (Marion et al., 2005).449

Here we discuss how the phase behavior functions are affected by pressure.450

To robustly account for the influence of pressure for any solution, the phase behav-451

ior functions must be represented as a surface instead of a curve (i.e., a function of both452

temperature and pressure instead of solely temperature). The surfaces are generated from453

multiple FREZCHEM simulations for a given composition, where the pressure specified454

in the input file is varied over the pressure range of interest. Figure 5 is a graphical rep-455

resentation of the phase behavior surfaces for terrestrial seawater. These surfaces were456

generated using seven FREZCHEM simulations, assuming pressures of 1, 10, 100, 200,457
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300, 400, and 500 bar. Note that for a pressure of 1 atm, the surfaces would collapse to458

the curves in Fig. 3.459

Figure 5. The surfaces defining the phase behavior functions for terrestrial seawater. The

solid black curve represents the pure ice pressure-melting temperature and the dashed black

curve represents the eutectic temperature. The thin black curves are where meridianiite and hy-

drohalite first begin to form, with hydrohalite forming at a higher temperature than meridianiite.

2.6 Temperature Profile460

To model the distribution of brine within Europa’s ice shell for an assumed com-461

position, a temperature profile must also be assumed. The thermal state of Europa’s ice462

shell is unknown; however, studies have shown that the ice shell is either convective, likely463

in the stagnant lid regime, or fully conductive (Mitri & Showman, 2005; McKinnon, 1999;464

Hussmann & Spohn, 2004). We note that early studies of heat transfer in Europa’s ice465

shell constrained the maximum thickness for a conductive ice shell to be approximately466

30 km (Ojakangas & Stevenson, 1989; Squyres et al., 1983). Later works incorporating467

the influence of convection estimate a maximum thickness ∼10 km for either a conduc-468

tive lid or conductive ice shell, due to the onset of convection for thicker ice shells (McKinnon,469

1999; Deschamps & Sotin, 2001; Kalousová et al., 2017; Tobie et al., 2003; Howell, 2021).470

The recent Monte Carlo analysis performed by Howell (2021) suggests a current best es-471

timate for conductive ice layer thickness of 10.4+5.8
−1.9 km. For this work we assume a con-472

ductive temperature profile to represent both the case of a fully conductive ice shell and473

a conductive lid overlying a convective layer (Fig. 6).474
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Previous work has shown that the temperature of the convective layer is likely above475

the eutectic temperature for many salts, suggesting that brine is likely stable through-476

out the convective layer (Kalousová et al., 2017). Other works have demonstrated that477

even in the absence of salts, partial melting driven by tidal heating could be pervasive478

throughout a convective layer (Tobie et al., 2003; Vilella et al., 2020). The tendency for479

convection to increase the temperature of a large fraction of the ice shell, as well as to480

modify the ice rheology through deformation-induced recrystallization (Barr & McKin-481

non, 2007), could enhance brine drainage relative to an overall cooler conductive lid that482

might retain the columnar crystal structure characteristic of a directionally thickening483

ice layer (Wolfenbarger et al., 2022). If brine drainage is efficient throughout a convec-484

tive layer, the layer will progressively desalinate and trend towards pure ice. As such we485

assume the same basal temperature for both the conductive lid and the conductive ice486

shell. To model a scenario representative of the maximum vertical brine extent, we thus487

assume (i) a surface temperature of −173.15 ◦C (100 K), approximately equal to the mean488

annual equatorial surface temperature at Europa, (ii) a basal temperature of 0 ◦C (273.15489

K), the maximum pressure-melting temperature across a range of possible conductive490

ice layer thicknesses, and (iii) a linear temperature profile. Assuming a basal temper-491

ature of 0 ◦C implies the brine volume fraction will be unity for some fraction of the ice492

layer if the pressure exceeds 1 atm or the bulk salinity is greater than 0 ppt. In other493

words, part of our domain can include the uppermost layer of the ocean.494
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Figure 6. Temperature profile for the conductive layer of Europa’s ice shell. The assumed

profile applies to both the case of a conductive lid overlying a convective layer and a conduc-

tive ice shell. The surface temperature, Ts, basal temperature, Tb, and linear profile represent a

specific hypothesis that maximizes the vertical brine extent within the ice shell.

3 Results495

We model the brine volume fraction in Europa’s ice shell as a function of temper-496

ature and salinity for four cases: 1) NaCl, 2) MgSO4, 3) a hypothetical Cl-dominated497

ocean, and 4) a hypothetical SO4-dominated ocean. Cases 1 and 2 represent the sim-498

ple binary endmember compositions for Europa’s ocean; whereas, cases 3 and 4 repre-499

sent more realistic endmember compositions inspired by existing geochemical models,500

consistent with materials observed at Europa’s surface. The Cl-dominated ocean is a sim-501

plified version of terrestrial seawater (Millero et al., 2008) and the SO4-dominated ocean502

is a simplified version of the Europa K1a model of Zolotov and Shock (2001), both de-503

scribed in Table 1. We consider a range of bulk ice salinities, up to the eutectic salin-504

ity, assuming a fixed pressure of 1 atm. Recall that we assume a linear temperature pro-505

file such that the surface temperature is −173.15 ◦C (100 K) and the basal temperature506

is 0 ◦C (273.15 K) (see Section 2.6). Assuming the existence of a percolation threshold,507

constraints on bulk ice salinity are obtained both for sea ice and for the four cases of ice508

shell composition. We then analyze the sensitivity of brine volume fraction estimates to509

total conductive ice layer thickness (i.e., pressure), assuming a fixed bulk salinity of 1510

ppt.511
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3.1 Binary Endmember Ice Shell Compositions512

Figure 7 presents the brine and salt volume fraction of binary endmember compo-513

sitions for Europa’s ice shell: NaCl (left) and MgSO4 (right). The maximum allowable514

bulk ice salinity is defined by the eutectic salinity (232 ppt for NaCl and 172 ppt for MgSO4).515

We impose this constraint since the bulk ice salinity cannot exceed the eutectic salin-516

ity via cryoconcentration for binary systems. The phase behavior functions used to cal-517

culate the brine volume fraction are provided in Table S3. For estimating the salt vol-518

ume fraction below the eutectic, we find k∗ = 1.6165 and ρss(T = Teut) = 1.630 g/cm3
519

for NaCl and k∗ = 2.6463 and ρss(T = Teut) = 1.446 g/cm3 for MgSO4. Note that520

because these are binary solutions, the solid salt density at the eutectic simply corresponds521

to the density of hydrohalite and meridianiite for NaCl and MgSO4, respectively. The522

thick dashed line illustrates the eutectic temperature and the thick solid curve represents523

the liquidus (i.e., the temperature above which the brine volume fraction is unity for a524

given bulk ice salinity). The thin dotted line indicates the temperature where the brine525

volume fraction first exceeds 0.05 for a given bulk ice salinity (see Section 3.4). Below526

the eutectic temperature the ice shell is composed of solid salt (hydrohalite for NaCl and527

meridianiite for MgSO4) and ice, whereas above the eutectic temperature the ice shell528

is composed of brine and ice. Note that for binary solutions, if the bulk ice salinity is529

less than the eutectic salinity, the salt volume fraction is zero for temperatures greater530

than the eutectic temperature.531

The vertical extent of brine is greater for NaCl than for MgSO4 due to its lower532

eutectic temperature. For a 10 km conductive ice layer, this difference in eutectic tem-533

perature translates to a 1 km difference in vertical brine extent. Coincidentally, the dif-534

ference in eutectic temperature between NaCl and MgSO4 predicted by FREZCHEM535

v15.1 is approximately equal to that between the Gitterman and RNT freezing pathways536

for terrestrial seawater (see Section 2.1). For both compositions, the maximum brine vol-537

ume fraction at the eutectic increases as the bulk ice salinity increases. Although the eu-538

tectic salinity of NaCl is higher than MgSO4, because the density of hydrohalite is greater539

than meridianiite (1.63 g/cm3 vs. 1.44 g/cm3, respectively) the maximum salt volume540

fraction of NaCl is lower than MgSO4 (∼0.25 vs. ∼0.35, respectively).541

Although we are able to estimate the brine volume fraction for bulk ice salinities542

up to the eutectic salinity, the bulk salinity of Europa’s ice shell is limited by the effi-543
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ciency of salt entrainment from the ocean (Wolfenbarger et al., 2022; Buffo et al., 2020).544

The bulk salinity of Europa’s ice shell resulting from equilibrium freezing of the ocean545

has been estimated to be as low as ∼ 0.1% and as high as ∼ 10% of the ocean salin-546

ity depending on the mechanism of ice formation and the microstructural interface mor-547

phology (Wolfenbarger et al., 2022). More locally, cryoconcentration of perched lakes or548

sills could generate regions of enhanced bulk salinity up to the eutectic salinity (Chivers549

et al., 2021). Rapid freezing of ocean water, such as through rifts in the ice shell, could550

also locally increase the bulk ice salinity (Buffo et al., 2020; Wolfenbarger et al., 2022).551

The salinity of ice formed via flash freezing of ocean water, such as the ice found in the552

Enceladus plume, could be as high as the salinity of the ocean (Postberg et al., 2011; Wolfen-553

barger et al., 2022). As such, in Figures 7 and 8, we estimate the brine volume fraction554

for the full possible parameter space of bulk ice salinity.555
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Figure 7. Brine volume fraction for Europa’s ice shell assuming binary endmember compo-

sitions for the ocean and a fixed pressure of 1 atm. The vertical axis corresponds to the tem-

perature at a given depth within the ice shell. The thick dashed line illustrates the eutectic

temperature and the thick solid curve represents the brine salinity as a function of temperature

(i.e., the liquidus). The thin dotted curve corresponds to a brine volume fraction of 0.05.

3.2 Analog Endmember Ice Shell Compositions556

Although the cases considered in Fig. 7 are representative of the endmember com-557

positions hypothesized for Europa, because the eutectic temperatures differ by almost558

an order of magnitude, the influence of composition on the distribution of brine is sig-559

nificant. The sensitivity to composition in the binary case likely does not represent the560

reality at Europa, where multiple salt minerals and ionic species have been detected at561
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the surface and in the tenuous atmosphere (e.g., Brown, 2001; Brown & Hand, 2013; Ligier562

et al., 2016; Trumbo et al., 2019; Fischer et al., 2015; Tan et al., 2022). Where multi-563

ple ionic species are present in a brine, precipitation events alter the brine composition564

such that it becomes progressively enriched in more soluble species (which precipitate565

at lower temperatures/ higher concentrations) as the solution freezes. For example, we566

expect a sulfate enriched brine to become progressively more enriched in chlorides since567

sulfates salts tend to precipitate at higher temperatures than chloride salts. We thus con-568

sider compositions that are more representative of natural waters, simplified to four ma-569

jor ionic species (Na+,Cl−,Mg2+, SO2−
4 ). Of the many possible charge-balanced permu-570

tations of these species, two compositions were selected because (i) they share the same571

eutectic temperature in FREZCHEM v15.1 of −32.2 ◦C (i.e., the vertical brine extent572

is the same) and (ii) they are analogous to known (Earth) or modeled (Europa) oceans.573

We note that the other charge-balanced permutations of these species resulted in eutec-574

tic temperatures of either −32.2 ◦C or −35.3 ◦C in FREZCHEM v15.1. Our Cl-dominated575

case is analogous to the terrestrial seawater composition of Millero et al. (2008), whereas576

our SO4-dominated case is analogous to the Europa K1a ocean modeled by Zolotov and577

Shock (2001).578

The compositions of the two analog endmember oceans are provided in Table 1.579

For this work we assume the ice shell composition reflects that of the ocean, leaving frac-580

tionation to a future work. The concentrations in Table 1 were obtained by approximat-581

ing the relative concentrations of Zolotov and Shock (2001) and Millero et al. (2008), main-582

taining charge balance, and fixing the total concentration to 0.1 molal (i.e., ensuring the583

starting solution is relatively dilute). Table 1 also identifies which salts precipitate as the584

solutions freeze, as well as the temperature at which they begin precipitating. The dif-585

ferences in the salt precipitation sequence between these two compositions can be attributed586

to the relative abundances of the ions. In both cases the ion activity product of sodium587

and sulfate becomes sufficiently high and exceeds the equilibrium constant at relatively588

high temperatures, triggering mirabilite precipitation. This occurs at a higher temper-589

ature in the SO4-dominated case since the limiting ion (Na+) has a higher relative abun-590

dance than the limiting ion in the Cl-dominated case (SO2−
4 ). The subsequent precip-591

itation of hydrohalite in the Cl-dominated case occurs because mirabilite serves as a sink592

of an already limited supply of sulfate, preventing the precipitation of meridianiite un-593

til later in the sequence when the solution becomes more cryoconcentrated and the ac-594
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tivity is sufficiently high to trigger meridianiite precipitation. In the SO4-dominated case,595

meridianiite precipitates at a much higher temperature since mirabilite precipitation is596

sodium-limited, resulting in an abundance of free sulfate to trigger the precipitation of597

meridianiite. The formation of hydrohalite in the Cl-dominated case and the formation598

of meridianiite in the SO4-dominated case represent the two most significant precipita-599

tion events, from the perspective of relative mass of solid salts forming, and as such co-600

incide to the breakpoints in the phase behavior functions (Table S4 and S5).601

Figure 8 presents the brine volume fraction of the analog endmember compositions602

for Europa’s ice shell: Cl-dominated (left) and SO4-dominated (right). The phase be-603

havior functions used to calculate the brine volume and salt volume fraction are provided604

in Table S4 and S5. For estimating the salt volume fraction below the eutectic, we find605

k∗ = 1.8439 and ρss(T = Teut) = 1.5827 g/cm3 for the Cl-dominated case and k∗ =606

2.5175 and ρss(T = Teut) = 1.456 g/cm3 for the SO4-dominated case. Unlike the bi-607

nary cases in Fig. 7, the salt volume fraction is non-zero above the eutectic temperature608

and calculated using Eq. (4). Although the solid black curve in Fig. 8 also represents609

the brine salinity as a function of temperature, it is not a true liquidus (defined as the610

temperature above which a solution is entirely liquid) since salt minerals may be stable611

at higher temperatures if the solution salinity is sufficiently high. Recall that this is not612

an issue for binary solutions since salts only precipitate via cryoconcentration at the eu-613

tectic. As such for temperatures above this “pseudo-liquidus”, the brine volume fraction614

may be non-unity and salt volume fraction may be non-zero. Similarly, although we de-615

fine the upper bound of our salinity domain as the brine salinity at the eutectic temper-616

ature, this likely does not represent the maximum possible bulk ice salinity since solid617

salts are also present in the brine at the eutectic salinity. This upper bound is likely only618

relevant for cryoconcentrated, refrozen sills (Chivers et al., 2021).619

Like the binary cases in Fig. 7, the thick dashed line illustrates the eutectic tem-620

perature and the thin dotted line indicates the temperature where the brine volume frac-621

tion first exceeds 0.05 for a given bulk ice salinity. The kinks in the brine salinity curves622

indicate where significant salt precipitation events occur and cause the brine salinity to623

decrease (e.g., hydrohalite for the Cl-dominated case at T = −22.5 ◦C and meridiani-624

ite for the SO4-dominated case at T = −5.7 ◦C). Our analog endmember compositions625

suggest that brine is likely stable for a larger vertical extent in the ice shell than predicted626

by simple binary compositions, regardless of which species are dominant (< 18% of the627
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conductive ice layer thickness for both the analog endmember impurity compositions vs.628

< 12% for NaCl and < 2% for MgSO4). Although these analog endmember composi-629

tions share the same eutectic temperature, brine is present at a higher volume fraction630

throughout the Cl-dominated ice shell than the SO4-dominated ice shell, whereas the631

opposite is true for salt volume fraction. The high brine volume fraction stable for the632

Cl-dominated ice shell is likely due to the late (i.e., at lower temperatures) precipitation633

of hydrohalite that occurs even when the activities of Na+ and Cl− are high, coupled634

with the fact that a much larger fraction of water is consumed by precipitation of merid-635

ianiite relative to hydrohalite (11 vs. 2 moles of water per mole of hydrate). Addition-636

ally, the tendency for sulfates to precipitate early (i.e., at higher temperatures) does not637

favor the stability of brine for the SO4-dominated ice shell.638
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Table 1. Analog endmember compositions for Europa’s ocean. The Cl-dominated case repre-

sents a simplified version of terrestrial seawater, whereas the SO4-dominated case represents a

simplified version of the K1a ocean of Zolotov and Shock (2001). Recall that Sb(T = T0) denotes

the brine salinity specified in the FREZCHEM input file, and corresponds to the brine salin-

ity prior to any ice formation. Note that it is the molar ratios that are important for the phase

behavior functions and not the absolute concentrations (see Section 2.2 and Fig. 2).

Cl-Dominated SO4-Dominated

Concentration

(mol/kg)

Molar

Ratio

Concentration

(mol/kg)

Molar

Ratio

Na+ 0.04390 43.9% 0.02308 23.1%

Mg2+ 0.00488 4.9% 0.03077 30.8%

Cl− 0.04878 48.8% 0.00769 7.7%

SO2−
4 0.00244 2.4% 0.03846 38.4%

Total 0.1 0.1

Sb(T = T0) 3.1 ppt 5.2 ppt

Salts Precipitating in FREZCHEM v15.1a

Na2SO4·10H2O −6.1 ◦C Na2SO4·10H2O −3.4 ◦C

NaCl·2H2O −22.5 ◦C MgSO4·11H2O −5.7 ◦C

MgSO4·11H2O
b −32.3 ◦C NaCl·2H2O

b −32.3 ◦C

aSee Table S7 for salt precipitation sequence predicted by using the

frezchem and ColdChem database files in PHREEQC.

bFREZCHEM predicts this salt will precipitate beyond the final convergent

temperature step, so we estimate this temperature as 0.1 ◦C below the

eutectic temperature of −32.2 ◦C.
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Figure 8. Brine volume fraction for a conductive ice layer at Europa assuming analog end-

member compositions for the ocean and a fixed pressure of 1 atm. The vertical axis corresponds

to the temperature at a given depth within the ice shell. The thick dashed line illustrates the

eutectic temperature and the thick solid curve represents the brine salinity as a function of tem-

perature. The thin dotted curve corresponds to a brine volume fraction of 0.05. The red color

illustrating salt volume fraction is muted relative to the colorbar due to an imposed transparency

which allows both the brine and salt phases to be visible where they are both stable between the

eutectic and freezing temperature (see Fig. S3 for brine volume fraction alone).
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3.3 Sensitivity to Pressure639

Figures 7 and 8 represent the brine and salt distribution in an ice shell where over-640

burden pressure is neglected and a fixed pressure of 1 atm is assumed throughout. We641

now incorporate the effect of ice thickness to examine the sensitivity of the distribution642

of brine to pressure. The influence of pressure is considered only for the analog endmem-643

ber compositions and not the binary endmembers since the binary cases are more sen-644

sitive to pressure but are likely less realistic for a natural system.645

Figure 9a presents the brine volume fraction for a 1 ppt conductive ice layer at Eu-646

ropa assuming analog endmember compositions for the ocean and a range of possible con-647

ductive layer thicknesses. 1 ppt represents an order of magnitude estimate for bulk ice648

salinity formed through freezing of a 10 ppt ocean (Wolfenbarger et al., 2022). The pres-649

sure at a given depth within the conductive layer is estimated by integrating the temperature-650

dependent ice density as a function of depth. Note that the conductive layer thickness651

shown in the figure legend applies to the entire temperature domain. Recall that we de-652

fine the base of our domain as 0 ◦C (273.15 K) and as such (i) ice is not stable at this653

temperature for certain conductive layer thickness due to the reduction in pressure melt-654

ing temperature and (ii) if the conductive ice layer overlies an ocean (as opposed to a655

pure ice convective layer) then the brine volume fraction curves will be truncated such656

that they equal unity below the ocean freezing temperature, which is governed by the657

ocean salinity.658

Although the brine volume fraction curves shift upwards (lower in temperature)659

with increasing ice thickness, the general shape of the profile for each composition does660

not change significantly. This is highlighted in Fig. 9b where the brine volume fraction661

curves appear to overlap when they are plotted against the relative temperature, defined662

here as the difference between the absolute temperature (the y-axis in Fig. 9a) and the663

pure ice pressure melting temperature. This result is compatible with recent experimen-664

tal work that demonstrated that the change in eutectic temperature of saline ice sub-665

ject to pressure is well-approximated by the pure ice pressure melting curve (Chang et666

al., 2022). For both the analog endmember compositions, the eutectic temperatures (shown667

as the thin dashed lines in Fig. 9a) are not as sensitive to pressure as the melting tem-668

perature. As such, larger ice thicknesses translate to a lower vertical brine extent, de-669

fined as the fraction of the total conductive ice layer thickness where brine is thermo-670
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dynamically stable. For the range of conductive layer thicknesses considered here, Fig.671

9c shows this effect is relatively minor (<1% of the conductive ice layer thickness), and672

the fraction of the conductive ice layer where brine is stable for the assumed tempera-673

ture profile is between 18% and 19%. Note that for estimating the vertical brine extent,674

we recalculate the conductive layer thickness to ensure the ice is stable for the assumed675

thermal profile and pressure.676

–32–



manuscript submitted to JGR: Planets

Figure 9. Influence of pressure on the distribution of brine in the bottom 20% of the con-

ductive layer for our analog endmember compositions. (a,b) Brine volume fraction for a 1 ppt

conductive ice layer at Europa assuming analog endmember compositions for the ocean and

a range of possible conductive ice thicknesses. The thin, horizontal dashed lines represent the

eutectic temperature for a given ice thickness. The thin, vertical dotted lines represent a brine

volume fraction of 0.05 (see Section 3.4). The top row (a) shows the brine volume fraction for

the conductive layer as a function of absolute temperature whereas the middle row (b) shows the

brine volume fraction as a function of relative temperature, defined as the difference between the

absolute temperature and the pure ice pressure melting temperature. (c) Fraction of the conduc-

tive ice layer where brine is stable as a function of conductive ice layer thickness for both analog

endmember compositions .
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3.4 Constraints on the “Stable” Bulk Ice Shell Salinity677

Previous studies focused on constraining Europa’s ice shell salinity have used in-678

ferences based on the assumption of brine pocket migration in an impact crater (Steinbrügge679

et al., 2020), numerical models developed for sea ice desalination (Buffo et al., 2020), or680

studied ice formed in environments that could be analogous to Europa’s ice-ocean in-681

terface, such as ice accreted beneath terrestrial ice shelves in Antarctica (Wolfenbarger682

et al., 2022). The latter two studies demonstrated that the bulk salinity for an ice shell683

which forms through freezing of a sub-ice ocean should approach a lower limit referred684

to as the “asymptotic” bulk salinity in Buffo et al. (2020) and the “stable” salinity in685

Wolfenbarger et al. (2022).686

In the model of Buffo et al. (2020), the asymptotic bulk salinity reflected an im-687

posed cutoff in permeability (i.e., percolation threshold) at a brine volume fraction of688

0.05, consistent with the critical porosity for congelation sea ice referenced in Section 2.3.689

The later work of Buffo et al. (2021) did not directly impose a percolation threshold, but690

used a permeability-porosity relationship derived for sea ice which exhibits significantly691

reduced permeability at brine volume fractions less than 0.05. Although some authors692

argue that the existence of a percolation threshold in sea ice prevents desalination for693

brine volume fractions below the critical porosity (Golden et al., 1998, 2007), others ar-694

gue that the desalination mechanism transitions from an efficient convection-dominated695

process known as gravity drainage to a less efficient diffusion-dominated process (Buffo696

et al., 2020, 2021).697

Wolfenbarger et al. (2022) examined the salinity profiles of low temperature gra-698

dient ice cores to obtain constraints on the fraction of salt entrained in ice formed through699

slow freezing of an ocean. They represented this fraction using an effective equilibrium700

solute distribution coefficient, defined as the ratio of the stable salinity of ice, derived701

from the salinity profiles, normalized by the salinity of the underlying ocean (keq = Sice/Socean).702

Wolfenbarger et al. (2022) noted that there was a similarity between the value they de-703

rived for the effective equilibrium solute distribution coefficient and the critical poros-704

ity for congelation sea ice. They interpreted this similarity as evidence supporting that705

a percolation threshold likely governed the effective equilibrium solute distribution co-706

efficient. Because the critical porosity reflects a volume fraction whereas the solute dis-707

tribution coefficient represents a mass fraction, these quantities are not directly compa-708
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rable; however, our brine volume fraction model allows us to explore the relationship be-709

tween these quantities while ensuring thermodynamic compatibility.710

Figure 10a illustrates the dependence of sea ice brine volume fraction on bulk ice711

salinity and temperature. The region in blue signifies temperatures above the freezing712

point for 35 ppt terrestrial seawater. The dashed line represents the percolation thresh-713

old at a brine volume fraction of 0.05. Curves to the right of the dashed line, within the714

gray area, reflect ice that is still highly permeable, and thus presumably in an active state715

of desalination. Curves to the left of the dashed line are effectively impermeable and no716

longer undergoing convection-driven desalination. This plot suggests that the bulk salin-717

ity of newly formed sea ice subject to a percolation threshold of 0.05 cannot fall below718

approximately 2 ppt, since convection-driven desalination cannot occur below this salin-719

ity even at the warmest possible temperature where sea ice can form (i.e., the seawater720

freezing temperature).721

Because sea ice forms in a high temperature gradient environment, salt entrainment722

is facilitated by the progression of a freezing front which traps brine interstitially and723

prevents continued drainage. As such, the stable bulk salinity of sea ice is typically higher724

than 2 ppt (∼5 ppt). The arrows in Fig. 10a represent an illustration of a possible de-725

salination pathway which produces sea ice with a stable bulk salinity of 5 ppt, adapted726

from Petrich and Eicken (2017). A higher temperature gradient freezing pathway would727

fall below the red curve, whereas a lower temperature gradient pathway would appear728

above the red curve.729

Recognizing that brine drainage will outpace the freezing front at the very low growth730

velocities expected at Europa’s ice-ocean interface (Wolfenbarger et al., 2022), we can731

leverage the existence of a percolation threshold to constrain the stable bulk ice shell salin-732

ity. The bulk ice salinity that results in a brine volume fraction equal to the critical poros-733

ity, at the ocean freezing temperature, represents a minimum bound for salt entrainment734

in ice where desalination is subject to a percolation threshold. This condition can be ex-735

pressed mathematically using Eq. (1) to obtain736

ϕc =
Vb

V
(Tf (Socean)) =

ρi(Tf (Socean))Sice

F1(Tf (Socean))− ρi(Tf (Socean))SiceF2(Tf (Socean))
, (7)
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where ϕc is the critical porosity (brine volume fraction) that defines the percolation thresh-737

old, Tf is the ocean freezing temperature, governed by the ocean salinity, Socean, and Sice738

is the stable bulk ice shell salinity. Compatible with previous works, we first assume the739

percolation threshold occurs at a brine volume fraction of 0.05. As such, we consider the740

bulk ice salinity that results in a brine volume fraction of 0.05 at the ocean freezing tem-741

perature to represent the stable bulk salinity of the ice shell.742

If we apply this criterion to terrestrial seawater at 35 ppt, we obtain a bulk ice salin-743

ity estimate of 1.95 ppt. This corresponds to the bulk salinity curve which intersects both744

the vertical dotted line and the horizontal lower boundary of the blue region in Fig. 10a.745

This is notably the bulk ice salinity obtained using the constitutive equation of Buffo746

et al. (2018) for the freezing of terrestrial seawater in the “diffusive regime” (i.e., where747

ice is transitioning to being effectively impermeable), although we note they assume a748

seawater salinity of 34 ppt. The bulk salinity of 1.95 ppt obtained here is lower than the749

bulk ice salinity found for the “sub-ice-shelf congelation ice” samples studied by Wolfenbarger750

et al. (2022), which ranged from 2.2 to 2.35 ppt. To produce a stable bulk ice salinity751

of 2.35 ppt using this methodology, a critical porosity of 0.06 would be required.752
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Figure 10. Relationship between brine volume fraction, bulk ice salinity, and ocean salinity

for terrestrial seawater. (a) Brine volume fraction for sea ice assuming a range of bulk ice salin-

ities, adapted from Butler (2016). The black arrows illustrate a possible desalination pathway.

The red curve represents the stable bulk ice shell salinity derived for a 35 ppt ocean, assuming a

percolation threshold (ϕc = 0.05) (b) Stable bulk ice shell salinity for a range of possible ocean

salinities. Data points correspond to the bulk ice salinity where the brine volume fraction equals

the percolation threshold (ϕc = 0.05) at a freezing temperature governed by ocean salinity, analo-

gous to the red curve in a. The red dot represents the specific case of a 35 ppt ocean shown in a.

The line represents a best fit model of the form Sice = keq × Socean, where keq = 0.058± 0.001.

Using FREZCHEM, we can extend our analysis to more dilute and more saline ter-753

restrial seawater. We use our brine salinity curve, shown in Fig. 3a, to obtain a freez-754

ing temperature for a specified seawater salinity. For seawater salinities up to 100 ppt755

(note that we limit the upper bound seawater salinity to 100 ppt to ensure our brine vol-756

ume fraction model is valid, see Section 2.2), we can calculate the bulk ice salinity which757

produces a brine volume fraction of 0.05 at the freezing temperature. These bulk ice salin-758

ities are represented by the black dots in Fig. 10b. We can estimate an effective equi-759

librium solute distribution coefficient by fitting a linear model of the form Sice = keq×760

Socean. These data produce an estimate for an effective equilibrium solute distribution761

coefficient of keq = 0.058 ± 0.001, represented by the slope of the line shown in Fig.762

10b. We note this is lower than the value of 0.067 derived by Wolfenbarger et al. (2022).763

This might suggest a higher critical porosity should be assumed or that temperature where764

the percolation threshold is applicable should be slightly lower than the freezing tem-765

perature, even in the case of a very low temperature gradient.766
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If we further extend this approach to our analog endmember compositions, Fig. 11a767

shows that the effective equilibrium solute distribution coefficient is not highly sensitive768

to composition for ocean salinities less than 100 ppt (the ocean salinity range where our769

model is valid, see Fig. S1, S2 and Table S5). From a best fit model of the form Sice =770

keq×Socean, we obtain an effective equilibrium distribution coefficient of keq = 0.058±771

0.001 for a percolation threshold of ϕc = 0.05 and ocean salinities less than 100 ppt.772

For the binary endmember cases, our model is valid for salinities up to the eutectic salin-773

ity and as such we can explore the full parameter space. Fig. 11b demonstrates that the774

behavior shown in Fig. 11a does not appear to change significantly when extended to775

eutectic ocean salinities. At higher salinities, the relationship between stable bulk ice shell776

salinity and ocean salinity appears to deviate slightly from linear. Nonetheless, we ob-777

tain an estimate for effective equilibrium distribution coefficient of keq = 0.061±0.001778

which is similar to our analog endmember compositions, but still lower than the value779

of 0.067 derived by Wolfenbarger et al. (2022). Figure 11c demonstrates that the equi-780

librium solute distribution coefficient increases as the value of the assumed percolation781

threshold increases. This is consistent with the work of Buffo et al. (2020), where a lower782

percolation threshold was shown to result in less salt entrainment. Additionally, Fig. 11c783

suggests that the freezing of a SO4-dominated ocean may produce slightly more saline784

ice than a Cl-dominated ocean (keq = 0.116 vs. keq = 0.114 for a percolation thresh-785

old of ϕc = 0.1).786
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Figure 11. Relationship between bulk ice salinity, ocean salinity, and percolation thresh-

old for a range of compositions. Estimates for bulk ice salinity as a function of ocean salinity

for our (a) analog endmember compositions and (b) binary endmember compositions, based

on a percolation threshold of ϕc = 0.05. Data points correspond to the bulk ice salinity where

the brine volume fraction equals 0.05 at a freezing temperature governed by the ocean salinity

and composition. The lines represent a best fit model of the form Sice = keq × Socean, where

keq = 0.058±0.001 for the analog endmember compositions and keq = 0.061±0.001 for the binary

endmember compositions. (c) Effective equilibrium solute distribution coefficient for a range of

percolation thresholds and different ocean compositions. The black dot represents the effective

equilibrium distribution coefficient for a percolation threshold of ϕc = 0.060, derived in this work

from the “sub-ice-shelf congelation ice” samples studied by Wolfenbarger et al. (2022).

The magnitude of the percolation threshold in columnar sea ice has been demon-787

strated to be influenced by the interface morphology of the ice (i.e., the spacing between788

columnar crystals that make up the cellular microstructural interface) (Maus et al., 2021).789

Although we do not explore the influence of plate spacing on the critical porosity in this790
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work, previous studies suggest that the critical porosity should decrease as the plate spac-791

ing increases (Petrich et al., 2006; Maus et al., 2021). The plate spacing in congelation792

ice is inversely proportional to the growth velocity, such that a slower growth (i.e., lower793

temperature gradient) results in larger plate spacing (Maus, 2020; Maus et al., 2021).794

For the low growth velocities expected at Europa’s ice-ocean interface (Wolfenbarger et795

al., 2022), this could translate to a lower critical porosity and thus lower bulk ice shell796

salinity. As the growth velocity approaches zero, the plate spacing approaches infinity797

and transitions from a cellular to planar microstructural interface morphology. This tran-798

sition enhances the efficiency of salt rejection and results in an even lower bulk ice shell799

salinity (Wolfenbarger et al., 2022). These results suggest that constraining the existence800

and magnitude of a percolation threshold in columnar ice (i.e., critical porosity) repre-801

sents a critical step in both predicting the bulk salinity of the ice shell and leveraging802

the bulk salinity of the ice shell to constrain the salinity of the underlying ocean.803

4 Conclusions804

We have developed a framework for modeling the brine volume fraction of impure805

water ice as a function of bulk ice salinity and temperature. In this framework we trans-806

late the output of a single freezing simulation for a specified ocean composition (performed807

using the open source aqueous geochemistry software FREZCHEM) to polynomial func-808

tions of temperature. We validated our framework through comparison with an exist-809

ing model for sea ice brine volume fraction (Petrich & Eicken, 2017), finding good agree-810

ment over the range relevant to Earth applications. Our model represents an improve-811

ment to the existing model by (i) extending the temperature range where sea ice brine812

volume fraction can be estimated down to the eutectic temperature and (ii) following813

the Gitterman freezing pathway, thought to be more representative of natural sea ice (Marion814

et al., 1999). Although we apply our framework specifically to Europa, models for the815

brine volume fraction of impure water ice can be derived for any system that can be mod-816

eled using aqueous geochemistry software, such as FREZCHEM or PHREEQC. Notably,817

these models can be continually improved as new experimental data are incorporated818

into geochemical modeling databases.819

Within our framework, we generated models for the brine distribution in Europa’s820

ice shell, specifically focusing on the fraction which is thermally conductive (either a con-821

ductive lid overlying a convective layer or a fully conductive ice shell). We assumed a822
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linear temperature profile that maximized the vertical brine extent. As such our esti-823

mates for vertical brine extent represent upper bounds for what is expected at Europa.824

We modeled the brine volume fraction for four cases of ice shell compositions, consistent825

with materials observed at Europa’s surface: NaCl, MgSO4, a hypothetical Cl-dominated826

ocean (analogous to terrestrial seawater), and a hypothetical SO4-dominated ocean (anal-827

ogous to the Europan ocean modeled by Zolotov and Shock (2001)), and considered bulk828

ice salinities ranging from zero to the eutectic salinity.829

We found the vertical extent of brine in an ice shell to be < 12% for NaCl, < 2%830

for MgSO4, and < 18% for both the analog endmember impurity compositions. Where831

impurities are composed of binary species (e.g., Na+ and Cl− or Mg2+ and SO2−
4 ), the832

vertical brine extent is confined to lower depths (i.e., closer to the ice-ocean interface),833

a smaller fraction of the ice layer thickness, and more sensitive to composition than an834

ice shell where impurities are composed of multiple species (e.g., Na+, Cl−, Mg2+ and835

SO2−
4 ). Although the vertical extent of brine was equivalent for the two analog endmem-836

ber compositions (because they shared a eutectic temperature), the brine volume frac-837

tion for the Cl-dominated ice shell was higher than for the SO4-dominated ice shell across838

the entire temperature range where brine was thermodynamically stable. Pressure (ice839

thickness) was found to minimally affect the shape of the phase behavior functions, and840

thus brine distribution profile; however a larger ice thickness was found to counter-intuitively841

reduce the fraction of the ice layer where brine is stable although the effect was minor842

(∼ 1%) across a range of possible thickness.843

Assuming the existence of a percolation threshold at a brine volume fraction of 0.05844

(consistent with the broadly accepted value for terrestrial congelation sea ice), constraints845

on the stable bulk ice shell salinity (i.e., the salinity of the ice shell once desalination has846

stopped) as a function of ocean salinity and composition were obtained. We defined the847

stable bulk ice shell salinity to be the bulk ice salinity that resulted in a brine volume848

fraction equal to the percolation threshold at the ocean freezing temperature. The sta-849

ble bulk ice shell salinity was found to be approximately 6% of the ocean salinity for the850

assumed percolation threshold. The relationship between percolation threshold and the851

effective equilibrium solute distribution coefficient was found to be approximately lin-852

ear, positively correlated, and minimally influenced by composition for critical porosi-853

ties considered here (ϕc = 0.01− 0.1).854
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Modeling where brine is thermodynamically stable in Europa’s ice shell provides855

important context for future interpretation of data collected by the upcoming missions856

to explore Europa and other icy worlds (Howell & Pappalardo, 2020; Grasset et al., 2013).857

Ice-penetrating radar in particular can identify where liquid water is stable in the ice shell.858

With improved constraints on ice shell surface composition and temperature, reflections859

from ice-penetrating radar associated with a eutectic boundary may provide constraints860

on bulk ice shell properties, such as the thermal profile (Kalousová et al., 2017) and/or861

salinity, particularly because the apparent reflectivity is governed by the brine volume862

fraction (Culha et al., 2020). Constraints on properties of the ice shell will be necessary863

to robustly constrain the properties of the sub-ice ocean, which represents an important864

goal in assessing Europa’s habitability. Beyond Europa, missions to other potential ocean865

worlds such as Enceladus, Titan, Ganymede, and Triton could benefit from this approach,866

particularly at the science requirements development stage. Future work incorporating867

the presence of low eutectic surface species (e.g., sulfuric acid, perchlorates) in the frame-868

work presented here represents an avenue for understanding how liquid water in the ice869

shell might serve as a signature of surface-ice-ocean exchange and ultimately Europa’s870

potential habitability.871
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Steinbrügge, G., Voigt, J. R., Wolfenbarger, N. S., Hamilton, C., Soderlund, K.,1091

Young, D., . . . Schroeder, D. M. (2020). Brine migration and impact-1092

induced cryovolcanism on europa. Geophysical Research Letters, 47 (21),1093

e2020GL090797.1094

Tan, S., Sekine, Y., & Kuzuhara, M. (2022). Aspatially resolved observations of eu-1095

ropa’s surface with subaru/ircs at 1.0–1.8 µm: Upper limits to the abundances1096

of hydrated cl-bearing salts. The Planetary Science Journal , 3 (3), 70.1097

Tobie, G., Choblet, G., & Sotin, C. (2003). Tidally heated convection: Constraints1098

on europa’s ice shell thickness. Journal of Geophysical Research: Planets,1099

108 (E11).1100

Toner, J., & Catling, D. (2017a). A low-temperature aqueous thermodynamic1101

model for the na–k–ca–mg–cl–so4 system incorporating new experimental1102

heat capacities in na2so4, k2so4, and mgso4 solutions. Journal of Chemical &1103

Engineering Data, 62 (10), 3151–3168.1104

Toner, J., Catling, D., & Light, B. (2014a). The formation of supercooled brines,1105

viscous liquids, and low-temperature perchlorate glasses in aqueous solutions1106

relevant to mars. Icarus, 233 , 36–47.1107

Toner, J., Catling, D., & Light, B. (2014b). Soluble salts at the phoenix lander site,1108

mars: A reanalysis of the wet chemistry laboratory data. Geochimica et Cos-1109

mochimica Acta, 136 , 142–168.1110

Toner, J., Catling, D., & Light, B. (2015). A revised pitzer model for low-1111

temperature soluble salt assemblages at the phoenix site, mars. Geochimica1112

et Cosmochimica Acta, 166 , 327–343.1113

Toner, J., & Catling, D. C. (2017b). A low-temperature thermodynamic model1114

for the na-k-ca-mg-cl system incorporating new experimental heat capacities1115

–49–



manuscript submitted to JGR: Planets

in kcl, mgcl2, and cacl2 solutions. Journal of Chemical & Engineering Data,1116

62 (3), 995–1010.1117

Trumbo, S. K., Brown, M. E., & Hand, K. (2019). Sodium chloride on the surface of1118

europa. Science advances, 5 (6), eaaw7123.1119

Turner, A. K., Hunke, E. C., & Bitz, C. M. (2013). Two modes of sea-ice gravity1120

drainage: A parameterization for large-scale modeling. Journal of Geophysical1121

Research: Oceans, 118 (5), 2279–2294.1122

Vance, S. D., Barge, L. M., Cardoso, S. S., & Cartwright, J. H. (2019). Self-1123

assembling ice membranes on europa: Brinicle properties, field examples, and1124

possible energetic systems in icy ocean worlds. Astrobiology , 19 (5), 685–695.1125

Vancoppenolle, M., Madec, G., Thomas, M., & McDougall, T. J. (2019). Thermody-1126

namics of sea ice phase composition revisited. Journal of Geophysical Research:1127

Oceans, 124 (1), 615–634.1128

Vilella, K., Choblet, G., Tsao, W.-E., & Deschamps, F. (2020). Tidally heated con-1129

vection and the occurrence of melting in icy satellites: Application to europa.1130

Journal of Geophysical Research: Planets, 125 (3), e2019JE006248.1131

Wolfenbarger, N. S. (2022). Brinevolumefraction. (Initial Release). Retrieved from1132

http://doi.org/10.5281/ZENODO.68133441133

Wolfenbarger, N. S., Buffo, J. J., Soderlund, K. M., & Blankenship, D. D. (2022).1134

Ice shell structure and composition of ocean worlds: Insights from accreted ice1135

on earth. Astrobiology , 22 (8).1136

Zolotov, M. Y. (2007). An oceanic composition on early and today’s enceladus. Geo-1137

physical Research Letters, 34 (23).1138

Zolotov, M. Y., & Shock, E. L. (2001). Composition and stability of salts on the sur-1139

face of europa and their oceanic origin. Journal of Geophysical Research: Plan-1140

ets, 106 (E12), 32815–32827.1141

Zubov, N. N. (1945). L’dy arktiki. Izdatel’stvo glavsevmorputi.1142

–50–



JOURNAL OF GEOPHYSICAL RESEARCH

Supporting Information for “Compositional Controls

on the Distribution of Brine in Europa’s Ice Shell”
N. S. Wolfenbarger1, M. G. Fox-Powell2, J. J. Buffo3, K. M. Soderlund1, D.

D. Blankenship1

1Institute for Geophysics, Jackson School of Geosciences, University of Texas at Austin, Austin, Texas, USA

2AstrobiologyOU, The Open University, Walton Hall, Milton Keynes, UK

3Dartmouth College, Hanover, New Hampshire, USA

Contents of this file

1. Derivations 1.1 to 1.3

2. Figures S1 to S3

3. Table S1 to S7

Introduction This supporting information includes derivations, figures, and tables that

provide important background and context for the published manuscript. Derivations

1.1 – 1.3 represent equations which are incorporated into the code base used to obtain

the results published in the main text. The derivations presented here illustrate: (1.1)

how to obtain our expression for brine volume fraction from the work of Cox and Weeks

(1983), (1.2) how the density of solid salts is calculated from the output of FREZCHEM,

and (1.3) how the solid salt volume fraction is estimated for temperatures below the eu-

tectic. Figures S1 and S2 demonstrate the sensitivity of the phase behavior functions
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to the ocean salinity specified in the FREZCHEM v15.1 input file for our analog end-

member ocean compositions. Figure S3 is a reproduction of the bottom row of Fig. 8

where only brine volume fraction is shown. Table S1 presents the temperature at which

each salt mineral starts to precipitate in the FREZCHEM v13.3 simulations of terrestrial

seawater shown in Fig. 2. Tables S2 – S5 provide the best fit coefficients for the phase

behavior functions used to estimate brine volume fraction for terrestrial seawater, our

binary endmember compositions, and our analog endmember compositions, respectively.

Table S6 presents the temperature at which each salt mineral starts to precipitate in the

FREZCHEM v15.1 simulations of our analog endmember compositions shown in Fig. S1

and S2. Table S7 presents a comparison of salt precipitation sequences from PHREEQC

(using the ColdChem and frezchem databases) and FREZCHEM (v13.3 and v15.1).
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1. Derivations

1.1. Brine Volume Fraction, Vb

V
(T )

Cox and Weeks (1983) derive an expression (Eq. 5 in Cox and Weeks (1983)) for the brine volume

fraction of sea ice as a function of temperature, T , given by

Vb

V
(T ) =

ρS

F1(T )
(1)

where ρ is the bulk density of sea ice in units of g/cm3 and S is the bulk ice salinity in ppt. Their

expression for the sea ice bulk density (Eq. 15 in Cox and Weeks (1983)) is given by

ρ =

(
1− Va

V

)
ρiF1(T )

F1(T )− ρiSF2(T )
(2)

where ρi is the pure ice density in units of g/cm3 and F1(T ) and F2(T ) are the phase behavior

functions. If we substitute Eq. (2) into Eq. (1) we obtain

Vb

V
(T ) =

(
1− Va

V

)
ρiS

F1(T )− ρiSF2(T )
(3)

which is equivalent to the form of the brine volume equation provided as (1.8) in Petrich and

Eicken (2017).

1.2. Density of Solid Salts, ρss(T )

The density of solid salts at a given temperature is given by

ρss(T ) =
mss(T )

Vss(T )
(4)

where mss(T ) is the total mass of solid salts present and Vss(T ) is the total volume of solid salts

present at the same temperature. The total mass of solid salts can be expressed as
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mss(T ) =
N∑

n=1

mss,n(T ) (5)

where mss,n(T ) represents the total mass of the nth solid salt of N solid salts present at a given

temperature. This quantity can be calculated from the “Moles” column of the “Solid SPECIES”

section in FREZCHEM output file or “Final Moles in assemblage” column of the PHREEQC

output file. The total volume of solid salts can be similarly expressed as

Vss(T ) =
N∑

n=1

Vss,n(T ) (6)

where Vss,n(T ) represents the total volume of the nth solid salt present at a given temperature.

Vss,n(T ) can be equivalently expressed as

Vss(T ) =
N∑

n=1

mss,n(T )

ρss,n
(7)

where ρss,n represents the density of the nth solid salt, assumed to be temperature invariant.

Although ρss,n cannot be obtained from the FREZCHEM output file, we adopt the molar volumes

specified in the relevant documentation (Marion et al., 2005, 2012). Molar volumes can also be

found in the frezchem database file in PHREEQC, although we note that they are not present

in the ColdChem database file. The total density of solids salts can thus be expressed as

ρss(T ) =

∑N
n=1mss,n∑N
n=1

mss,n

ρss,n

. (8)
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1.3. Solid Salt Volume Fraction Below the Eutectic, Vss

V
(T ≤ Teut)

The solid salt volume fraction below the eutectic temperature is governed by the total mass

fraction of solid salts that forms once the solution solidifies completely and the density of the

solid salt and ice phases. We can express this as

Vss

V
(T ≤ Teut) =

xss(T = Teut)

xss(T = Teut) + (1− xss(T = Teut))
ρss(T=Teut)

ρi(T )

(9)

where xss(T = Teut) represents the total mass fraction of solid salts which precipitate at/beyond

the eutectic and ρss(T = Teut) represents the total salt density at/beyond the eutectic. Although

in this work we define the eutectic temperature as the last convergent temperature step, because

brine is remaining at this temperature step, additionally salt precipitation occurs below this

temperature up through the “true” eutectic. Note that although FREZCHEM specifies which

minerals are precipitating at/beyond the eutectic, it does not calculate the amount of each

mineral precipitating1. As such, we must estimate the mass of solid salts precipitating beyond

the final temperature step. To do this, we define a linear system

d = Cx+ ϵ (10)

where d is a column vector containing the moles of ionic species present at the final convergent

temperature step, C is a matrix which maps the ionic species present at the final convergent

temperature step to the solid salts precipitating beyond the final convergent temperature, and

x represents the number of moles of each solid species which forms beyond the final convergent

temperature. We want to find x such that concentration of dissolved ions remaining beyond

the eutectic, ϵ, is minimized. Because we are only allowing for precipitation beyond the final

temperature step (and not dissolution), we must also impose the constraint that x is greater than
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zero. Therefore, the solution to this problem is obtained via constrained least squares (lsqlin

in MATLAB). For both of the analog endmember compositions assumed in this work, the linear

system is represented by

d =


[Cl−]
[Mg2+]
[Na−]
[SO2−

4 ]

 (11)

x =

 [NaCl · 2H2O]
[Na2SO4 · 10H2O]
[MgSO4 · 11H2O]

 (12)

C =


1 0 0
0 0 1
1 2 0
0 1 1

 (13)

subject to the constraint Ax ≤ b, where A= −I and b= 0⃗. We can obtain mss(T ≤ Teut) by

summing the mass obtained from solving the constrained least squares problem above, mss(T =

Teut), to the cumulative mass present at the eutectic temperature, mss(T > Teut). This can be

expressed by the following:

mss(T ≤ Teut) = mss(T > Teut) +mss(T = Teut). (14)

However, this specifically represents the mass of solid salts for the initial brine salinity specified

in the FREZCHEM (or PHREEQC) input file. We need to scale this mass for a bulk ice salinity

of interest, S. This can be done by multiplying mss(T ≤ Teut) by the ratio of the mass of salt

in a system of bulk salinity S, defined as mb
s(T = T0, S), to the mass of salt used to derive

mss(T ≤ Teut) (i.e., the mass of salt specified in the input file, defined as mb
s(T = T0)). This

yields an expression for the mass fraction of solid salts at the eutectic of
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xss(T = Teut) =

(
mb

s(T = T0, S)

mb
s(T = T0)

)(
mss(T ≤ Teut)

M +mb
s(T = T0, S)

)
(15)

where mb
s(T = T0, S) is given by

mb
s(T = T0, S) =

1000S

1000− S
(16)

which represents a conversion of the bulk ice salinity, S from units of grams of salt per kg solution

(ppt) to grams of salt per kg of water. Substituting Eq. (16) into Eq. (15) yields

xss(T = Teut) =

(
1000S
1000−S

mb
s(T = T0)

)(
mss(T ≤ Teut)

M + 1000S
1000−S

)
(17)

where M is the total mass of water (always 1000 g in our simulations). Taking M = 1000 g, this

simplifies to

xss(T = Teut) =
Smss(T ≤ Teut)

1000mb
s(T = T0)

(18)

We define a scale factor, k∗, as

k∗ =
mss(T ≤ Teut)

mb
s(T = T0)

(19)

which effectively represents the increase in the mass of solid salts at/beyond the eutectic relative

to the initial mass of dissolved salts, resulting from the hydration of salts as the solution freezes.

Substituting Eq. (18) and Eq. (19) into Eq. (9) yields

Vss

V
(T ≤ Teut) =

Sk∗

Sk∗ + (1000− Sk∗)ρss(T=Teut)
ρi(T )

. (20)
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Figure S1. Phase behavior functions derived from FREZCHEM simulations of our Cl-

dominated Europan ocean, assuming a range of ocean salinities Sb(T = T0).
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Figure S2. Phase behavior functions derived from FREZCHEM simulations of our SO4-

dominated Europan ocean, assuming a range of ocean salinities Sb(T = T0).
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Figure S3. Brine volume fraction for the bottom ∼ 20% of a conductive ice layer at Europa

assuming analog endmember compositions for the ocean and a fixed pressure of 1 atm. The

vertical axis corresponds to the temperature at a given depth within the ice shell. The thick

solid curve represents the brine salinity as a function of temperature, whereas the thin dotted

curve corresponds to a brine volume fraction of 0.05.
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Table S1. The temperature at which a specified salt starts precipitating for terrestrial seawater

of salinity, Sb(T = T0) at a pressure of 1 atm, predicted by FREZCHEM v13.3. Note that for a

seawater salinity greater than 100 ppt certain salts begin precipitating at higher temperatures,

influencing the phase behavior functions shown in Fig. 2.

Sb(T = T0) (ppt) 1 10 20 30 40 50 100 150 200 250
Temperature, T (◦C)

Ikaite
CaCO3·6H2O −4.9 −4.9 −4.9 −4.9 −4.9 −4.9 ≥0.0 ≥0.0 ≥0.0 ≥0.0
Gypsum
CaSO4·2H2O −6.2 −6.2 −6.2 −6.2 −6.2 −6.2 −6.2 ≥0.0 ≥0.0 ≥0.0
Mirabilite
Na2SO4·10H2O −6.4 −6.4 −6.4 −6.4 −6.4 −6.4 −6.4 −3.4 −1.0 ≥0.0
Hydrohalite
NaCl·2H2O −22.9 −22.9 −22.9 −22.9 −22.9 −22.9 −22.9 −22.9 −22.9 −22.9
NaBr −22.9 −22.9 −22.9 −22.9 −22.9 −22.9 −22.9 −22.9 −22.9 −22.9
Meridianiite
MgSO4·11H2O −33.3 −33.3 −33.3 −33.3 −33.3 −33.3 −33.3 −33.3 −33.3 −33.3
Sylvite
KCl −33.4 −33.4 −33.4 −33.4 −33.4 −33.4 −33.4 −33.4 −33.4 −33.4
MgCl2·12H2O

a - - - - - - - - - -
aOur version of FREZCHEM v13.3 fails to display text that MgCl2·12H2O is precipitating at/beyond the eutectic, possibly due to a

compiler issue; however this is known from previous works (Marion et al., 1999; Vancoppenolle et al., 2019). We also note that this

text appears to be absent in the FREZCHEM v13.3 output files of some other authors (see Vancoppenolle et al. (2019)).
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Table S2. Phase behavior functions for seawater (Marion et al., 2009) derived from a best

fit to the output of FREZCHEM v13.3. The piecewise polynomial functions were optimized to

ensure that they were continuous across the temperature domain from 0 ◦C to −33 ◦C and that

F1(0) = 0 and F2(0) =
ρw(T=Tm)
ρi(T=Tm)

− 1. The temperature breakpoints precede major precipitation

events that occur along the freezing pathway (i.e., the formation of hydrohalite at −22.9 ◦C and

meridianiite at −33.3 ◦C). F3 is zero above −6.4 ◦C, where mirabilite begins to form, since a

negligible amount of salt precipitates above this temperature. Brine is no longer stable below

the eutectic temperature of −36.2 ◦C.

F1(T ) = a1T
3 + b1T

2 + c1T + d1

Temperature (◦C) a1 b1 c1 d1

0 ≥ T ≥ −22.8 −1.2639× 10−3 −2.8711× 10−1 −1.9451× 101 0
−22.8 ≥ T ≥ −33.3 −4.3760× 10−1 −4.2299× 101 −1.4294× 103 −1.5479× 104

−33.3 > T ≥ −36.2 −2.1724× 10−1 −2.6462× 101 −1.1510× 103 −1.4946× 104

F2(T ) = a2T
3 + b2T

2 + c2T + d2

Temperature (◦C) a2 b2 c2 d2

0 ≥ T ≥ −22.8 −3.2209× 10−6 −3.1992× 10−4 −1.6257× 10−2 9.0673× 10−2

−22.8 ≥ T ≥ −33.3 −3.4364× 10−4 −3.3285× 10−2 −1.1263 −1.2116× 101

−33.3 > T ≥ −36.2 −1.7424× 10−4 −2.1228× 10−2 −9.2188× 10−1 −1.1881× 101

F3(T ) = a3T
3 + b3T

2 + c3T + d3

Temperature (◦C) a3 b3 c3 d3

−6.4 ≥ T ≥ −22.8 −5.5615× 10−6 −3.4648× 10−4 −9.3360× 10−3 −4.6587× 10−2

−22.8 ≥ T ≥ −33.3 −4.4404× 10−4 −4.3059× 10−2 −1.4537 −1.5972× 101

−33.3 > T ≥ −36.2 −2.2481× 10−4 −2.7533× 10−2 −1.1977 −1.5854× 101
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Table S3. Phase behavior functions for the binary solutions NaCl and MgSO4 derived from a

best fit to the output of FREZCHEM v15.1. The piecewise polynomial functions were optimized

to ensure that they were continuous across the temperature domain and that F1(0) = 0 and

F2(0) =
ρw(T=Tm)
ρi(T=Tm)

− 1. Note that because no salts precipitate at temperatures higher than the

eutectic temperature, F3 is zero. Brine is no longer stable below the eutectic temperature (−21.3

◦C for NaCl and −3.5 ◦C for MgSO4).

F1(T ) = a1T
3 + b1T

2 + c1T + d1

Species Temperature (◦C) a1 b1 c1 d1

NaCl 0 ≥ T ≥ −21.3a −7.0940× 10−4 −2.4083× 10−1 −1.7786× 101 4.4811× 10−2

MgSO4 0 ≥ T ≥ −3.5a 1.8483 1.6781× 10−1 −7.8748× 101 1.9840× 10−1

F2(T ) = a2T
3 + b2T

2 + c2T + d2

Species Temperature (◦C) a2 b2 c2 d2

NaCl 0 ≥ T ≥ −21.3a −2.8790× 10−6 −2.8102× 10−4 −1.4350× 10−2 9.0709× 10−2

MgSO4 0 ≥ T ≥ −3.5a 1.3459× 10−3 −3.8949× 10−3 −8.8293× 10−2 9.0895× 10−2

aWe note that the eutectic temperatures obtained from FREZCHEM v15.1 differ slightly from those published in the literature.

Estimated eutectic temperatures for NaCl range from −21 ◦C to −22.4 ◦C (Drebushchak et al., 2019), although recent works adopt

a eutectic temperature of −21.1± 0.1 ◦C (Drebushchak et al., 2017; Light et al., 2009; Bode et al., 2015). The eutectic temperature

for MgSO4 is estimated to be −3.9 ◦C (Genceli et al., 2007; Fortes et al., 2008). PHREEQC predicts eutectic temperatures of −21.1

◦C for NaCl and −3.8 ◦C for MgSO4, using the ColdChem database, and eutectic temperatures of −21.1 ◦C for NaCl and −3.4 ◦C

for MgSO4, using the frezchem database.
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Table S4. Phase behavior functions for chloride analog endmember composition for Europa’s

ocean derived from FREZCHEM v15.1. The temperature breakpoint precedes a major precipi-

tation event that occurs along the freezing pathway (i.e., the formation of hydrohalite at −22.5

◦C). F3 is zero above −6.1 ◦C (i.e., where mirabilite begins to form) since salt does not precipitate

above this temperature. Brine is no longer stable below the eutectic temperature of −32.2 ◦C.

The piecewise polynomial functions were optimized to ensure that they were continuous across

their domain and that F1(0) = 0 and F2(0) =
ρw(T=Tm)
ρi(T=Tm)

− 1.

F1(T ) = a1T
3 + b1T

2 + c1T + d1

Temperature (◦C) a1 b1 c1 d1

0 ≥ T ≥ −22.4 −1.1294× 10−3 −2.8149× 10−1 −1.9146× 101 0
−22.4 ≥ T ≥ −32.2 −6.0432× 10−1 −5.6265× 101 −1.8131× 103 −1.8873× 104

F2(T ) = a2T
3 + b2T

2 + c2T + d2

Temperature (◦C) a2 b2 c2 d2

0 ≥ T ≥ −22.4 −3.2037× 10−6 −3.1727× 10−4 −1.6009× 10−2 9.0673× 10−2

−22.4 ≥ T ≥ −32.2 −4.8362× 10−4 −4.5048× 10−2 −1.4516 −1.5023× 101

F3(T ) = a3T
3 + b3T

2 + c3T + d3

Temperature (◦C) a3 b3 c3 d3

−6.1 ≥ T ≥ −22.4 −5.5705× 10−6 −3.3455× 10−4 −8.7581× 10−3 −4.1939× 10−2

−22.4 ≥ T ≥ −32.2 −6.5682× 10−4 −6.1217× 10−2 −1.9691 −2.0724× 101
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Table S5. Phase behavior functions for sulfate analog endmember composition for Europa’s

ocean derived from FREZCHEM v15.1. The temperature breakpoint precedes a major precipita-

tion event that occurs along the freezing pathway (i.e., the formation of meridianiite at −5.7 ◦C).

F3 is zero above −3.4 ◦C in the SO4-dominated case (i.e., where mirabilite begins to form) since

salt does not precipitate above this temperature. Brine is no longer stable below the eutectic

temperature of −32.2 ◦C. The piecewise polynomial functions were optimized to ensure that they

were continuous across their domain and that F1(0) = 0 and F2(0) =
ρw(T=Tm)
ρi(T=Tm)

− 1.

F1(T ) = a1T
3 + b1T

2 + c1T + d1

Temperature (◦C) a1 b1 c1 d1

0 ≥ T ≥ −5.6 1.8370× 10−1 3.3590× 10−1 −5.0106× 101 0
−5.6 ≥ T ≥ −32.2 −1.9041× 10−1 −1.4282× 101 −4.3325× 102 −1.7529× 103

F2(T ) = a2T
3 + b2T

2 + c2T + d2

Temperature (◦C) a2 b2 c2 d2

0 ≥ T ≥ −5.6 2.4977× 10−5 −1.4689× 10−3 −5.4060× 10−2 9.0673× 10−2

−5.6 ≥ T ≥ −32.2 −1.9265× 10−4 −1.4447× 10−2 −4.3544× 10−1 −1.6763

F3(T ) = a3T
3 + b3T

2 + c3T + d3

Temperature (◦C) a3 b3 c3 d3

−3.4 ≥ T ≥ −5.6 1.2940× 10−3 1.5725× 10−2 3.8278× 10−2 2.1866× 10−3

−5.6 ≥ T ≥ −32.2 −3.7263× 10−4 −2.7554× 10−2 −8.0217× 10−1 −3.6398
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Table S6. Salt minerals precipitating in FREZCHEM v15.1 simulations of our analog

endmember compositions for Europa’s ocean. The temperature at which a given salt mineral

first begins precipitating (i.e., the highest temperature of occurrence) is provided for different

simulated ocean salinities Sb(T = T0) assuming a pressure of 1 atm. Note that for Sb ≥ 100 ppt

certain salts begin precipitating at higher temperatures, influencing the phase behavior functions

shown in Fig. S1 and Fig. S2.

Sb(T = T0) (ppt) 1 10 20 30 40 50 100 150 200 250

Cl-Dominated Temperature (◦C)

Mirabilite
Na2SO4·10H2O −6.1 −6.1 −6.1 −6.1 −6.1 −6.1 −5.7 −0.2 ≥0.0 ≥0.0
Hydrohalite
NaCl·2H2O −22.5 −22.5 −22.5 −22.5 −22.5 −22.5 −22.5 −22.5 −22.5 −13.8
Meridianiite
MgSO4·11H2O

a −32.3 −32.3 −32.3 −32.3 −32.3 −32.3 −32.3 −32.3 −32.3 −32.3

SO4-Dominated Temperature (◦C)

Mirabilite
Na2SO4·10H2O −3.4 −3.4 −3.4 −3.4 −3.4 −3.4 −3.4 −2.0 ≥0.0 ≥0.0
Meridianiite
MgSO4·11H2O −5.7 −5.7 −5.7 −5.7 −5.7 −5.7 −5.7 −5.7 −5.7 ≥0.0
Hydrohalite
NaCl·2H2O

a −32.3 −32.3 −32.3 −32.3 −32.3 −32.3 −32.3 −32.3 −32.3 −32.3
aFREZCHEM predicts this salt will precipitate beyond the final convergent temperature step, so we estimate this

temperature as 0.1 ◦C below the eutectic temperature.
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Table S7. Salt precipitation sequences obtained by freezing simulations of our analog end-

member compositions for Europa’s ocean, using PHREEQC and FREZCHEM. In FREZCHEM

we define the eutectic temperature as the final convergent temperature step in the simulation;

however in PHREEQC, we define it as the temperature where the final moles in assemblage is

no longer increasing. Note that for the PHREEQC simulation of the Cl-Dominated composition,

both the ColdChem and frezchem databases predict the dissolution of mirabilite once meridiani-

ite starts to form. Because our FREZCHEM simulation does not converge where meridianiite

begins to form, this is not represented in our results.

Temperature, T (◦C)

Cl-Dominated

FREZCHEM PHREEQC

v13.3 v15.1 ColdChem frezchem

Mirabilite
Na2SO4·10H2O −6.1 −6.1 −6.3 −6.0
Hydrohalite
NaCl·2H2O

−22.5 −22.5 −22.3 −22.4

Meridianiite
MgSO4·11H2O - −32.3a −31.3 −31.9
MgCl2·12H2O - - ∗ −34.9
Eutectic Temperature −32.2 −32.2 −35.3 −35.3

SO4-Dominated

FREZCHEM PHREEQC

v13.3 v15.1 ColdChem frezchem

Mirabilite
Na2SO4·10H2O −3.4 −3.4 −3.4 −3.3
Meridianiite
MgSO4·11H2O −5.7 −5.7 −5.7 −5.6
Hydrohalite
NaCl·2H2O - −32.3a * *
Eutectic Temperature −32.2 −32.2 −31.2 −31.3
aFREZCHEM predicts this salt will precipitate beyond the final convergent

temperature step, so we estimate this temperature as 0.1 ◦C below the eu-

tectic temperature of −32.2 ◦C.

∗Although this salt does not precipitate in the simulation, at the final con-

vergent temperature step the saturation index is near zero, suggesting pre-

cipitation is likely imminent.
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