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Abstract Europa likely contains an iron-rich metal core. For it to have formed, temperatures within
Europa reached 21250 K. Going up to that temperature, accreted chondritic minerals — for example,
carbonates and phyllosilicates — would partially devolatilize. Here, we compute the amounts and
compositions of exsolved volatiles. We find that volatiles released from the interior would have carried
solutes, redox-sensitive species, and could have generated a carbonic ocean in excess of Europa'’s present-
day hydrosphere, and potentially an early CO, atmosphere. No late delivery of cometary water was
necessary. Contrasting with prior work, CO, could be the most abundant solute in the ocean, followed by
Ca*, SOi’, and HCOj5. However, gypsum precipitation going from the seafloor to the ice shell decreases
the dissolved S/Cl ratio, such that CI>S at the shallowest depths, consistent with recently inferred
endogenous chlorides at Europa’s surface. Gypsum would form a 3-10 km thick sedimentary layer at the
seafloor.

Plain Language Summary It is likely that Jupiter's moon Europa hosts a deep ocean
underneath its surface ice shell. Telescopes and spacecraft have observed chlorine-bearing salts on the
surface, but we do not yet know what they mean for the chemical composition of the ocean, or how

the ocean came to be. Here, we test whether the breakdown of minerals containing volatile elements
(hydrogen, carbon, sulfur, and chlorine) inside Europa might have released enough water to produce the
ocean. The breakdown of these minerals generally happens at high temperature, but how hot did Europa'’s
interior get? NASA's Galileo spacecraft confirmed that Europa probably has an iron-rich core, and such
cores can only form at high temperature: at least 1250 K. Knowing this, we model the effect that heat had
on the minerals (a process known as metamorphism) and calculate how much water would be released, as
volatile-rich minerals transform into volatile-free minerals. We find that this process could release massive
amounts of carbon dioxide, more than enough water to form Europa’s present ocean, and produce sulfate
and carbonate minerals. Chlorine released would be more abundant in the ocean's shallower depths,
perhaps explaining the telescope observations.

1. Introduction

Key to understanding the past and present habitability of Jupiter's moon Europa is its composition and
evolution. Europa hosts a 2100 km deep liquid water ocean beneath its 3-30 km ice shell (e.g., Schubert
et al., 2009). Water, solutes and possible oxidants needed to carry out metabolic processes (Gaidos et al., 1999;
Hand et al., 2007) in Europa’s ocean were delivered through some combination of Europa’s accreted materi-
als, release by subsurface geochemical reactions, and subsequently by meteoritic or Io-genic influx.

Surface spectra were initially interpreted as hydrated surface salts from a sulfate-rich ocean (McCord
et al., 1998), consistent with models of brine evolution in CI chondrite bodies (Kargel, 1991; Kargel
et al., 2000; Zolotov & Shock, 2001). These models propose that Europa’s ocean evolved from a reduced Na-
Cl-dominated composition to a more oxidized Mg-sulfate ocean as a result of: (a) thermodynamic equilibri-
um (including by hydrothermal activity) between the ocean and silicate interior, while reduced volatiles H,
and CH, produced by water-rock interaction escaped (Zolotov & Kargel, 2009; Zolotov & Shock, 2001, 2004);
and/or (b) large fluxes of surface-derived oxidants delivered into the ocean through overturning of the icy
lithosphere (Hand et al., 2007; Pasek & Greenberg, 2012). Recently, however, a sulfate-rich ocean has been
challenged because the interpretation of hydrated sulfate salts on the surface as an oceanic signature is
not apparently consistent with more recent spectroscopic observations. These observations favor instead
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chloride salts on the most geologically disrupted surfaces; surface sulfate salts and hydrated sulfuric acid
are interpreted as radiolytic end-products (Brown & Hand, 2013; Fischer et al., 2016; Ligier et al., 2016;
Trumbo et al., 2019, 2017, but cf., Dalton et al., 2013). Alternatively, the ocean may have remained reduced
and sulfidic if H, and CH, escape to space was limited (McKinnon & Zolensky, 2003).

Here, we use geochemical and petrologic models to assess whether planetary-scale thermal processes were
responsible for the build-up of Europa’s ocean, and whether thermal evolution of the deep interior had a
significant impact on the composition of the ocean. While plausible models of Europa have been construct-
ed without a solid iron-rich core (Table S1), Europa’s high density and the inferred molten iron core in
neighboring Ganymede (Bland et al., 2008) strongly suggest a high-temperature history for Europa’s interior
(e.g., Greeley et al., 2004; Tobie et al., 2003, 2005) consistent with the formation of an iron-rich core (An-
derson et al., 1998; Moore & Hussmann, 2009; Schubert et al., 2009). The decay of short-lived radionuclides
in the accreting material could have heated the silicate interior sufficiently for partial melting to separate
silicate and metal (cf., Barr & Canup, 2008), or to at least expel volatiles, as occurred during the thermal
metamorphism of some chondrites (e.g., Huss et al., 2006). Additionally, tidal dissipation during Europa’s
orbital evolution may have affected early heating and differentiation of the interior at a level comparable to
radiogenic heating, but disentangling the influence of tidal dissipation from other early sources of heat is
difficult (Hussmann & Spohn, 2004).

If Europa has a Fe-rich core, then a fraction of the deep interior was heated at least to the Fe + S eutectic
temperature during differentiation. Accordingly, we hypothesize that prograde metamorphism (i.e., met-
amorphic changes caused by increasing temperature) and associated chemical reactions in the deep in-
terior were the driving forces behind the ocean's formation and its composition. Based on this prograde
assumption for Europa's evolution we: (a) establish a starting bulk composition of Europa immediately
after accretion using an accretion model and compositional endmember scenarios; (b) use a Gibbs free en-
ergy minimization petrologic model to constrain a range of compositions for the changing ocean and deep
interior during thermal excursions that could be caused by differentiation and/or thermal-orbital evolution
(e.g., Hussmann & Spohn, 2004; Tobie et al., 2005); (c) use a chemical equilibrium model to calculate the
composition of Europa's ocean after its generation by metamorphic reactions; and (d) constrain the present
composition and interior structure of Europa by using mass balance and a 1D interior structure model con-
sistent with Europa's gravitational coefficients and moment of inertia (MoI).

2. Methods

A flow chart summarizing the methods below is shown in Figure S1.

2.1. Bulk Composition of the Accreted Body

To date, accretion models have suggested that Europa's bulk water content was derived from dust, pebbles
or satellitesimals composed of non-hydrated silicate, plus varying amounts of water ice as a function of the
(possibly migrating) position of the circumjovian snow line toward the late stages of accretion (e.g., Canup
& Ward, 2002, 2009; Lunine & Stevenson, 1982; Makalkin et al., 1999; Ronnet et al., 2017), and/or capture
and impact processing (e.g., Estrada et al., 2009; Mosqueira et al., 2010; Ronnet & Johansen, 2020). Both
scenarios can lead to bodies consistent with models of the density gradient in the Galilean satellites and
orbital properties, but rely on the fortuitous delivery of the exact mass of water as ice to explain the pres-
ent-day hydrosphere (8-12 wt.%) despite widely different sizes (~ 10~-10°> m radius) and water ice contents
(0.571-50 wt.%; Ronnet & Johansen, 2020; Ronnet et al., 2017) of the accreting particles. A recent reapprais-
al of hydrodynamic escape during accretion also yields water contents and densities consistent with present
day observations (Bierson & Nimmo, 2020). The alternative that we explore here is one where variable
amounts of water and volatiles are already present in Europa's accreting particles, based on the composi-
tions of the proposed silicate-rich building blocks of Europa (i.e., chondrites) according to geophysical and
geochemical models (Kargel et al., 2000; Kuskov & Kronrod, 2005; McKinnon & Zolensky, 2003; Zolotov &
Kargel, 2009; Zolotov & Shock, 2001), and tie the subsequent thermal evolution of the accreted body to pres-
ent-day Europa’s spherical structure and gravitational Mol. Chondrites contain various amounts of volatiles
in minerals and organics (Table S2), the thermal processing of which could yield sufficient mass to form
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Figure 1. Schematic of the thermodynamic + extraction + structure
model to simulate the build-up of Europa's ocean from exsolved volatiles.
After each heating step before differentiation, Gibbs energy minimization
is carried out, resulting in an equilibrium assemblage in each cell (left
figure). A portion of the fluid phase(s) is then extracted according to a
specified rule (see Section 2.2), joins the ocean reservoir, and no longer
affects the chemistry of the deep interior. Fe + S is extracted from the bulk
composition from the deep interior once the interior reaches the Fe-FeS
eutectic temperature (Section 2.3). Finally, Europa’s structure is resolved
(Section 2.4), here assuming a 30 km ice shell, requiring a temperature of
270.8 K at the ice-ocean interface.

the present-day hydrosphere and still fulfill the geophysical constraints.
A present-day hydrated silicate interior for Europa is implausible given
gravity and density measurements (Anderson et al., 1998; Kuskov & Kr-
onrod, 2005; Schubert et al., 2009; Sohl et al., 2002; Vance et al., 2018),
so subsequent thermal processing, nominally differentiation of the body
will be necessary to meet the constraints.

The composition and water mass fraction for the initial state of Europa
before differentiation (MC-Scale) are estimated using a Monte Carlo ac-
cretion model (AccretR). Additionally, we consider two endmember com-
positions: one in which Europa accreted entirely from CI carbonaceous
chondrites (EM-CI), and another in which Europa accreted from CM
chondrites only (EM-CM).

The models are insensitive to the mineralogy of the initial pebbles/satel-
litesimals and whether these were in thermochemical equilibrium prior
to accretion (McKinnon & Zolensky, 2003) because our calculations of
the subsequent geochemical evolution of these materials depend on the
bulk composition, not the mineralogy. Nevertheless, hydrous minerals in
planetesimal collisions are predicted to survive without substantial dehy-
dration (Wakita & Genda, 2019). Further details about the accretion and
composition models, and an additional model exploring a hypothetical
reduced CI chondrite body are shown in Text S1 and Figures S4 and S5,
and the initial bulk compositions are summarized in Table S3.

2.2. Ocean Build-Up by Prograde Metamorphism Until the Onset of Core Formation

To determine the mass and composition of an ocean produced during heating, devolatilization, and differ-
entiation of the deep interior, we use the Perple_X Gibbs free energy minimization program, which lever-
ages experimental and modeled thermodynamic data, including non-aqueous solvents, and the Deep Earth
Water model optimized for computing aqueous fluid speciation at high pressure (e.g., Connolly, 2005, 2009;
Connolly & Galvez, 2018; Galvez et al., 2015; Pan et al., 2013). For each initial bulk composition (Sec-
tion 2.1), we model a 0-dimensional heating pathway throughout the deep interior using Rcrust (Mayne
et al., 2016), which provides an interface to model complex phase fractionation. We construct a 1D column
spanning the radius of Europa discretized into a number of vertical cells that experience isobaric heating
steps, and track the composition and mass of the equilibrium mineral-plus-volatile assemblage. At each
heating step (A7), the Gibbs energy of the assemblage in each cell is minimized, resulting in a new equi-
librium assemblage that depends on the heating step directly prior to it, but is not affected by the adjacent

vertical cells.

We simulate the build-up of the ocean by imposing a limit on the fraction of volatiles retained in the as-
semblage for each heating step. That is, if fluids (except silicate melt, see below) are thermodynamically
stable, a specified portion is irreversibly fractionated from the equilibrium assemblage of the particular cell
to go into the growing ocean reservoir (Figure 1). As a limiting case, for each bulk composition computed
(Section 2.1) we apply our thermodynamic models with a retained-to-extracted (R/E) fluid mass ratio of 0,
that is, all fluids (including gases, liquids and their dissolved species) produced during heating are extract-
ed from the interior. Buoyancy drives fluids upward, with transport being particularly rapid in permeable
materials in the direction of maximum compressive stress (e.g., Richard et al., 2007). Long-term retention
of fluids at high pressure would lead to an unstable solution that is out of hydrostatic equilibrium. Thus,
the only path for free low density fluids is up. This efficient extraction of volatiles from Europa’s interior is
consistent with findings for the more limiting case of Titan (Leitner & Lunine, 2019) where a volatile-rich
hydrosphere and atmosphere were formed endogenously (Miller et al., 2019; Néri et al., 2020) despite high-
er overburden pressure and gravity, and reduced tidal heating, that would more efficiently prevent their

escape.
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The CI chondrite endmember bulk composition modeled for Europa would contain water in excess of Eu-
ropa’s present hydrosphere (Section 2.1), so for EM-CI, we also test the effect of varying the R/E fluid mass
ratio, and carry out a model with a R/E ratio of 0.1 at each heating step, that is, at each AT, thermodynamic
equilibrium is computed, and subsequently 1 part of fluid is retained for 10 parts of fluid extracted. For EM-
CI we also test the effect of a constant mass of fluid present in the rocky interior by retaining 5 wt.% fluid
and extracting any fluid in excess, similar to how magma chambers reach a critical size threshold prior to
eruption (e.g., Townsend & Huber, 2020) (See Text S2 for model parameters and validation, and Table S4 for
activity-composition models used.) As discussed, Europa likely contains a Fe-rich core, so the lowest max-
imum temperature the interior reached during prograde metamorphism is the melting temperature of the
Fe-rich phase(s) that eventually formed the core (Section 2.3). Therefore, the resulting concentrations we
report here represent a lower limit of the exsolved and extracted volatiles that formed Europa’s proto-ocean.
The onset of differentiation occurs at a temperature lower than the temperature of silicate melting (Sec-
tion 2.3), hence silicate partial melting does not occur here.

2.3. Core Composition

In our model we assume that prograde metamorphism proceeded at least up to the Fe-FeS eutectic temper-
ature in order for core formation to proceed. Since this occurs at temperatures higher than volatile-releas-
ing metamorphic reactions (see Section 2.2), we further assume that core formation does not appreciably
sequester volatiles that would build the ocean. Our calculations are performed in the simplified Fe-S system
as an initial approximation for an expected core composition, mass and density, until a future mission can
constrain the deep interior composition of Europa from its seismic properties and improved gravity data.
For further details on assumptions taken for modeled temperatures and the chemical system considered
see Text S3.

2.4. Post-Differentiation Structure, Mineralogy and Geochemistry

We obtain our final predictions for Europa's interior structure after the formation of the ocean and dif-
ferentiation using PlanetProfile, a program for constructing 1D planetary structure models, in which the
self-consistent gridded thermodynamic properties from Perple_X and Rcrust are used as inputs (Vance
et al., 2018). To construct the inputs, we first use Rcrust to perform isobaric heating simulations as described
in Section 2.2 and Figure 1 to obtain the thermodynamic properties. We then remove the appropriate Fe
+ S mass from the silicate layer for each model Europa to form a core with 24 mass % sulfur (the minimum
amount of sulfur in melt at the Fe-FeS eutectic within Europa, see Section 2.3) for EM-CI, EM-CM and
MC-Scale after fluid extraction up to the Fe-FeS eutectic temperature (Section 2.2). Finally, we fold the
separate silicate layer and Fe + S core (Section 2.3) thermodynamic properties into PlanetProfile and obtain
structures consistent with Europa’s radius, density and Mol. Text S4 describes inputs and modifications to
PlanetProfile for this work. The results form a baseline against which spacecraft observations may be com-
pared to elucidate the effects of ~ 4.5 Gyr of orbital-geologic history.

2.5. Ocean Column Composition

We use the bulk extracted ocean compositions and masses (Section 2.2) as inputs into geochemical model
CHIM-XPT (Reed, 1998) to compute ocean depth dependent mineral-aqueous solution-gas equilibria using
the self-consistent thermodynamic database SOLTHERM, which includes thermodynamic properties of
water and equilibrium constants up to 0.5 GPa. We carry out a 1D CHIM-XPT model for the bulk fluids
extracted by prograde metamorphism of EM-CI, EM-CM, and MC-Scale (Section 2.2), varying the pressure
from the seafloor (200 MPa; Vance et al., 2018) up to a hypothetical ice-free surface. This way, we quantify
gas saturation and mineral precipitation out of the primordial ocean (i.e., fractionation), and the effects on
the water column'’s composition, pH and redox potential. Further details about CHIM-XPT and validation
of the model are found in Text S2.
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3. Results and Discussion

Prograde metamorphism up to the Fe-FeS eutectic temperature has the effect of dehydrating, dehydroxyl-
ating, decarbonizing and desulfurizing the deep interior, irreversibly changing the mineralogy (e.g., Glein
et al., 2018). The main volatile-releasing generalized reactions are:

Mg;Si,05(0H), —> Mg,SiO,+ MgSiO; +2H,0

antigorite forsterite (clino)enstatite (].)

Mg;Si,05(OH), + MgCO; — 2Mg,Si0, + 2H,0 + CO,

antigorite magnesite forsterite (2)

Large amounts of volatiles are released at low temperature (< 300 K): the starting rock compositions (namely
volatile-rich carbonaceous chondrites) are thermally unequilibrated, so the thermodynamic model predicts
that excess volatiles (mainly water and CH,) and dissolved solutes are unbound from minerals and organics.
At moderate temperatures (300-600 K), only small amounts of fluid are released because lizardite, antigor-
ite, chlorite and magnesite are stable; these are phyllosilicate or carbonate minerals with structurally bound
water and OH", or CO3". At > 650 K, antigorite and magnesite break down, releasing H,0 and CO,. Higher
pressure stabilizes magnesite and antigorite, whereas lower pressure favors their breakdown at that tempera-
ture. Analogous volatile-releasing reactions occur presently in Earth's subducting oceanic plates, for example,
which experience dewatering and decarbonization with increasing pressure and temperature (e.g., Gorce
et al., 2019; Manthilake et al., 2016). Further details about the pressures and temperatures of the reactions and
the changing mineralogy along the prograde metamorphic path are found in Text S5 and Figures S12 and S13.

3.1. Extracted Fluid Compositions and Ocean Masses

Prograde metamorphism of the EM-CI and EM-CM initial compositions supplies a fluid mass that exceeds
the present ~ 10 wt. % hydrosphere for all tested R/E ratios. The MC-Scale composition however, is unable
to supply sufficient fluid mass, despite a R/E ratio = 0, since the maximal water content of this composi-
tion (3.5 £ 0.6 wt.%, assuming all H is in H,O) falls short of Europa's present hydrosphere mass, indicating
that additional water was co-accreted or delivered if Europa formed from the materials nearest to Jupiter
~ 4.5 Ga according to the MC accretion model (Section 2.1).

The pattern of volatile release at different pressures and temperatures is broadly similar for all prograde
metamorphism models of the initial compositions tested. We focus on solutes and solvents from EM-CM
shown in Figure 2, and include additional subtleties of the exsolved fluid compositions in Text S5, Table S5
and Figures S6-S11. In all cases, the most significant contributors to the ocean reservoir mass are oxygen
and hydrogen, as water (e.g., Figure 2). Carbon is the third most abundant element comprising the ocean
reservoir of the EM-CI and EM-CM models, particularly at relatively high temperatures where CO, becomes
a major component, and acts as the solvent, in the fluid phase (Figure 2) as a result of carbonate destabi-
lization (see also Section 3.3). However, while carbon, hydrogen, oxygen, sulfur, and calcium abundances
in the exsolved ocean reservoirs of EM-CI and EM-CM are comparable, the total mass of silicon, sodium,
magnesium, chlorine, potassium and aluminum extracted from EM-CM is significantly higher, and only the
extracted mass of iron is lower after prograde metamorphism of EM-CM compared to EM-CI. For MC-Scale,
the most abundant solutes in the extracted ocean are calcium and sulfur, especially exsolved at <650 K and
>6 GPa in the form of CaSO,, although some calcium is paired to chlorine, as CaCl,.

3.2. Composition of the Ocean Column, Precipitated Minerals and Exsolved Gases

Distinct ocean compositions from seafloor to surface (Figure 3) result from isothermal 1D decompression
CHIM-XPT models equilibrating the bulk compositions of the extracted fluids for EM-CI, EM-CM, and MC-
Scale (Section 3.1). In all cases, gypsum (CaSO,) saturates and precipitates as pressure decreases. Addition-
ally, for EM-CM, dolomite is stable throughout the water column, while for MC-Scale, dolomite is stable at
< 30 MPa, which may correspond to a depth within the present ice shell (Figure 3). Since prograde metamor-
phism of the MC-Scale composition did not yield a sufficiently massive hydrosphere (Section 3.1), we consider
the effects of compensating the difference with late delivery of cometary materials in Text S7 and Figure S15.
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Figure 2. Composition of the fluid extracted from the deep interior at different pressures with increasing temperature for the endmember model "Europa
accreted from CM chondrites” (EM-CM), retained-to-extracted ratio (R/E) = 0. Solid curves show the Fe-FeS eutectic temperature. Integrating up to the eutectic
yields the total amounts exsolved from the deep interior. Blank areas signify that no fluids containing the specific element shown in the plot were extracted

at those pressures and temperatures. Rows 1-3: elemental abundance of the extracted fluid (solvents and solutes). Rows 4 and 5: molecular solvent moles per
kilogram of extracted fluid. Gray areas in the solvent plots signify that fluids were extracted at those pressures and temperatures, but did not contain the specific
compund shown in the plot. Bottom-right plot: total (solvent + solute) extracted mass. For corresponding figures of the broadly similar patterns of exsolution in
the endmember "Europa accreted from CI chondrites” (EM-CI) and Monte Carlo (MC)-Scale models, see Figures S7-S10.

Gypsum precipitation throughout the water column steadily decreases the S/Cl molar ratio with decreasing
depth in all cases, such that the total concentrations of chlorine and sulfur become comparable (ZCI ~ XS)
at shallow depths for EM-CI and EM-CM (Figure 3), and chlorine exceeds sulfur at < 124 MPa for EM-CI.
Similarly, the dissolved calcium concentration decreases as a result of gypsum precipitation, decreasing the
Ca/Mg molar ratio with decreasing depth in all models. No Na- or K-bearing minerals saturate, so the Na/K
molar ratio remains constant at all depths. In the limiting assumption of zero porosity, the globally averaged
thickness of all mineral precipitates at Europa's seafloor is 2.7-9.5 km (Table 1).

The combined mass of gases (particularly CO,) that would boil out of the ocean at low pressure (i.e., at
< 20 MPa for a hypothetical non-ice covered surface) is comparable to the mass of precipitated minerals
(Figure 3 and Table 1). The massive outgassing of volatiles (0.06%-1.33% Europa’s mass; Table 1) may have
led to an early CO,-rich atmosphere of considerable thickness, on the order of 1-27 MPa for the mass of
exsolved gases calculated if they were released all at once. We note that 5-25 MPa of H,O and in excess of
1-5.5 MPa of CO, are calculated to have been lost from Mars < 12 Myr after accretion (Erkaev et al., 2014;
Odert et al., 2018). Massive primordial atmospheres have also been predicted for Triton (~ 16 MPa pCO,;
Lunine & Nolan, 1992), Titan, Ganymede and Callisto (Kuramoto & Matsui, 1994). With such a thick at-
mosphere, greenhouse trapping of heat generated by insolation (Zahnle & Catling, 2017), radioactive decay
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Figure 3. Ocean column compositions from the seafloor to the surface, for endmember Europa accreted from CM chondrites (EM-CM). Solid and dashed
horizontal lines show the pressure at the base of a current 5 and 30 km ice shell respectively (see Section 3.3). (a) Minerals precipitated and gases exsolved with
decreasing depth in the water column. (b) Total dissolved components in the water column. Dissolved components shown here are the sum of those particular
components distributed among all species in solution. For example, component XC represents the sum of carbon in aqueous HCOj3, CH,, CO,, and organics,
among other species. Concentrations < 10~ mol/kg not shown. (c) pH, and (d) redox potential of the ocean column for the retained-to-extracted ratio (R/E) = 0
models of Europa accreted from CI carbonaceous chondrites (EM-CI), EM-CM, and Monte Carlo (MC)-Scale.

or tides would likely vaporize Europa’'s hydrosphere, although exceedingly high rates of atmospheric escape
by thermal and non-thermal processes, including ionization in Jupiter's magnetosphere, sputtering by solar
energetic particles and galactic cosmic rays, or impact erosion, would have likely either prevented atmos-
pheric build-up, or allowed recondensation of the hydrosphere. We do not quantify the lifetime or stability
of a possible early steam atmosphere here, but note that up to 27 MPa of H,0 + CO, would have been avail-
able from metamorphic reactions and subsequent exsolution from the ocean.

More likely, the rate of heating (radioactive or tidal) would control the rate of exsolution from the deep
interior, ocean build-up, and the subsequent mass outgassed from the ocean. Based on mass ejection rates
from tentative plume detections (Roth et al., 2014; Sparks et al., 2016), plumes could output up to 7.2 x 10"~
7.2 x10% kg of H,0 over the lifetime of the solar system, or about 1.4%-24% of Europa’s present ocean mass
(Text S6). Alternatively, clathrate hydrates could trap dissolved carbon and limit CO, outgassing. Whether
CO, clathrates are stable in Europa’s ocean depends on the pressure and temperature, assuming sufficient
CO, feedstock is present. For the large amounts of CO, produced here, we predict structure I clathrates with
a CO,/H,0 molar ratio of 0.159 at 273.15 K and equilibrium pressure (1.24 MPa), with a density of 1106 kg/
m° (see Text S6 for details). This exceeds the ocean's density, so these clathrates would sink, forming a 3.4—
77 km layer on the seafloor. The thermal blanketing effect of a thick clathrate layer may ultimately freeze
the ocean, which is inconsistent with the present-day state of the ocean. However, the long term stability of
such a clathrate layer may be unfavorable because: (a) temperatures > 299 K preclude CO, clathrate stability
in Europa'’s ocean (Text S6 and Figure S14), and magmatic episodes are predicted at Europa’s seafloor over
geologic time (B€hounkova et al., 2021), and (b) formation of the ice shell would further increase the salin-
ity and density of the ocean, inhibiting the formation of clathrates or making them buoyant.

We find major differences between the ocean compositions predicted here and those presented previously. On
the basis of thermodynamic equilibrium and extensive water-rock interaction between the ocean and the sea-
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Table 1

Adjusted Mass of Europa’s Hydrosphere After Accounting for Sediments Predicted to Precipitate on the Seafloor and Mass of Gases Exsolved at low Pressure in the

Ocean Column

EM-CIR/E=0 EM-CMR/E=0 MC-Scale R/E =0
Concentration Mass Concentration Mass Concentration Mass
Mineral precipitates g/kg fluid kg g/kg fluid kg g/kg fluid kg
graphite 3.92 3.82x10" 3.93 2.75x10" 5.34 6.89x10'®
rite b A7 % b 35 %
pyri 0.02 2.17 x10"7 0 0 0.26 3.35x10"
quartz 2.59 2.52x10" 8.51 5.96 x 10" 1.20 1.55x10'
sulfur 0.78 7.63x10' 0 0 0 0
gypsum 50.08 4.89x10% 34.46 2.41x10% 117.09 1.51x10%
dolomite 3.28 3.20x10" 7.84 5.49x10" 2.86 3.68 x10'
Mean density Thickness Mean density Thickness Mean density Thickness
Total precipitates kg/m? km kg/m3 km kg/m3 km
2,305% 9.5% 2,413 6.2 2,300* 2.7%
EM-CIR/E=0 EM-CMR/E =0 MC-ScaleR/E =0
Concentration Mass Concentration Mass Concentration Mass
Gases exsolved g/kg fluid kg g/kg fluid kg g/kg fluid kg
H,0 gas 2.90 x 107 2.83x 10" 1.81x107> 1.27x10" 2.06 x 107 2.66 x 10"
CO, gas 65.58 6.40 x10% 14.86 1.04 x10% 20.53 2.65x 10"
CH, gas 2.66x107 2.59 x 10" 5.90x107° 4.13x10'° 4.32%107° 5.57 10"
H, gas 6.37x107"° 1.34 x10° 3.72x107"° 2.60 % 10° 6.50 x 107" 8.38 x 10°
H,S gas 1.38x107 1.34 x10'° 5.66x107* 3.96 x 10 1.89 107 2.44 x 107
Mass (kg) Mass (kg) Mass (kg)
Total gases exsolved 6.40 x 10%° 1.04 x10% 2.65x10"
EM-CIR/E=0 EM-CMR/E =0 MC-Scale R/E =0
Mass AHyd/MEur Mass Allyd/MEur Mass AHyd/MEur
kg Mass% kg Mass% kg Mass%
Adjusted hydrosphere (A, ) 8.56 x 10°! 17.83 6.51x10% 13.57 1.26 x 10! 2.63

Note. EM-CI = endmember Cl initial bulk composition, EM-CM = endmember CM initial bulk composition, MC-Scale = Monte Carlo scaled initial composition,
R/E = fluid retained-to-extracted mass ratio. “Thickness” = globally averaged thickness of the precipitate layer at Europa's seafloor, for a hydrosphere depth of
140 km (see Section 3.3). “Adjusted hydrosphere mass” = mass of exsolved volatiles from the interior (Section 3.1) minus the mass of minerals precipitated and
gases exsolved from the water column. M == mass of Europa.

aDoes not include dolomite precipitated, since it is not thermodynamically stable at the seafloor of EM-CI (see Section 3.2).

floor, Zolotov and Kargel (2009) predicted a “low pH” fluid that rapidly (~ 10° yr) evolved to a reduced and basic
primordial ocean (pH = 13-13.6) rich in H,, Na*, K*, Ca**, OH", and CI". The escape of H, may have then led to
a progressively oxidized, sulfate-rich ocean today. On the other hand, work by Kargel et al. (2000) and Zolotov
and Shock (2001) on the low temperature aqueous differentiation, brine evolution, and freezing of the Europan
ocean broadly coincides with our predictions for a sulfate- and carbonate-rich ocean, although they predict that
the most abundant cation in solution would be Mg2+ instead of Ca*. Hansen and McCord (2008) also favored
a CO,rich ocean based on spectroscopic observations. If the acidic ocean predicted here could subsequently
react and rehydrate the silicate interior, sulfate reduction to sulfide in the presence of reductants would be a
kinetically favored sulfur sequestration reaction (Tan et al., 2021), and potentially CO, could be converted to CH,,
or graphite.

We also find it significant that the composition of the ocean column is depth-dependent, such that anion
and cation concentrations, pH, and redox conditions close to the seafloor are not apparently reflective of the
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composition nearer to the surface or at the base of the ice shell. A caveat is that the results presented here
do not account for homogenizing or mixing of the ocean column’s composition by advection or convection,
or latitudinal changes; a comprehensive ocean circulation model (e.g., Lobo et al., 2021) would be required
to place such constraints.

3.3. Consequences of Fluid Extraction on the Silicate Mantle and Structure of Europa

Removal of Fe + S from the devolatilized deep interior at the Fe-FeS eutectic (Section 2.3), and calculation of
Europa's structure with PlanetProfile using the resulting core and residual silicate mantle thermodynamic
properties (Section 2.4) yields a spherical shell structure, Mol (0.3455-0.3457) and density consistent with
present-day Europa observations, assuming a ~ 30 km ice shell (Figure 1; Text S4). Further details about the
predicted deep mineralogy are found in Text S5 and Figures S12 and S13. Figure S16 shows the density, heat
capacity, and bulk and shear moduli of resulting profiles.

4. Concluding Remarks

We find that the resulting volatile mass evolved from Europa’s deep interior is consistent with, and can even
exceed, the hydrosphere's present mass. The size and composition of the ocean depend on the assumed
accreted composition of Europa. Different bulk compositions lead to different mineralogies in the thermo-
dynamic model, that mediate the escape of volatiles and solutes. To elaborate:

1. Building a volatile mass equivalent to that of Europa's current hydrosphere by prograde metamorphism
prior to core formation was probable if Europa accreted a disproportionately large amount of CI or
CM chondrite material, water, and/or cometary material relative to the expected abundance of these
materials at Jupiter's location in the early Solar System (cf., Desch et al., 2018). Other known chondritic
materials have insufficient volatile mass extractable by metamorphism to account for Europa's present
hydrosphere mass (Section 2.1 & Section 3.1).

2. Europa’s ocean, if derived from thermal evolution of the interior as shown here, was carbon and sulfur-rich
(Section 3.1). If thermal excursions in the interior (from radioactive decay and tidal dissipation) were un-
important since differentiation, geochemical equilibrium models predict that the ocean would remain CO,,
carbonate and CaSO ,-rich (Section 3.2). However, pressure has a first order effect on the ocean’s compo-
sition: decreasing pressure precipitates gypsum, removing calcium and sulfur from solution, thereby in-
creasing the relative concentration of chlorine further up the water column, such that C1 > S at < 10 MPa.
Thickening of the ice shell preferentially freezes in SOi’, rejecting and concentrating Cl at the base of the
ice shell in time (Marion et al., 2005), leaving the relative concentration of SO; unchanged at depth.

3. While the volatile mass in the initially accreted bulk body was high (Section 3.1), the deep interior must
be relatively volatile-poor at present to meet the Mol and density constraints (Section 3.3). Therefore,
prograde metamorphism and fluid migration into the hydrosphere was necessarily efficient in order
to remove volatile mass from the interior. Volatile loss from the rocky interior in excess of the present
hydrosphere mass can be accommodated by early loss to space, especially because of the high pCO,
outgassed. Alternatively, a large portion of volatiles (particularly CO,) would be retained in clathrates,
and their periodic destabilization by tidal heating may provide oxidants and buoyant pressure at the
ice-ocean interface. We rule out complete ocean freeze-out enabled by the thermal blanketing effect of
a stable seafloor clathrate layer: even if a thick clathrate layer is stable at the seafloor over geologic time,
< 80 km thick high pressure ice layers at Ganymede and Titan with heat fluxes > 6 mW/m? from the
silicate interior are able to maintain a liquid ocean (Kalousova & Sotin, 2020). Melt and heat transport
from the bottom of the clathrate layer to the ocean would occur either through hot plume conduits or
solid state convection (Choblet et al., 2017; Kalousova & Sotin, 2020).

4. The CO,-rich ocean delivered by metamorphism may facilitate life's emergence by contributing to the
generation of a proton gradient between acidic ocean water and alkaline hydrothermal fluids (Camprubi
et al., 2019), if the latter are present in Europa.

While these updated models are enabled by modern computational thermodynamics and data, we expect
that further work will refine these results prior to the arrival of the JUICE and Europa Clipper missions in
the coming decade. In particular, 4.5 Gyr of tidally mediated magmatism may have continued to modify the
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deep interior, possibly driving solid-state mantle convection, volcanism, and volatile element redistribution
and loss (B€hounkova et al., 2021). The oxidized ocean may have been reduced in time with hydrogen
generated by serpentinization enabled by thermal cracking (Vance et al., 2016), but better constraints on
the conditions of fracture formation and propagation are required (Klimczak et al., 2019). Further improve-
ments to the thermodynamic data of high pressure H,0-CO, phases (Abramson et al., 2018) and their inte-
gration with thermodynamic models (e.g., Perple_X) are also needed to assess the build-up of the ocean: the
stability of such phases can be the factor dictating whether an ocean world will be habitable (Marounina
& Rogers, 2020). Finally, we have also made the simplifying assumption that fluid percolation from depth
was efficient. A coupled tidal-thermodynamic-geodynamic model would more accurately determine fluid
retained-to-extracted ratios.

Data Availability Statement

All data are available through Zenodo: https://doi.org/10.5281/zenodo.5218908. AccretR is available
through Melwani Daswani (2020). PlanetProfile is available through https://zenodo.org/record/4052711.
Rcrust is available through Mayne et al. (2016) and https://tinyurl.com/rcrust.
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