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Introduction: A release of heat from radioactive
decay and tidal dissipation on Jupiter’s moon Europa
could have maintained an existence of a water ocean
throughout history [1]. Although the oceanic composi-
tion remains unknown, it could be evaluated by model-
ing of origin and evolution of water-rock interactions
in the satellite’s interior [3-6]. Here, we evaluated the
timing of water-mineral chemical reactions that drove
an early evolution of a primordial ocean.

Formation of chemical composition of an early
ocean (the concept): Europa was accreted as a mix-
ture of water ice, a polycyclic aromatic polymer, and a
reduced anhydrous material of solar composition.
Melting of ice in the outer part of the satellite could
have occurred at late stages of accretion [7]. Inside the
body, release of radioactive heat also caused melting
of ice and accumulation of liquid water in an ocean.
The ocean was likely to be covered by an icy shell,
which was often disrupted by impacts. The composi-
tion of oceanic water was controlled by dissolution and
precipitation of minerals in a layer of permeable rock
beneath the ocean [6,8]. Water-rock reactions led to
hydration and oxidation of primary rocks. H, produc-
tion in oxidation reactions was followed by its upward
migration, separation into the gas phase, and escape
[5,6,8]. An accumulation of H, gas beneath the icy
shell and its escape drove oxidation beneath the oce-
anic floor.

Coupled kinetic-thermodynamic models: Aque-
ous alteration of a rocky suboceanic material was in-
vestigated through numerical modeling. The model
includes dissolution kinetics of primary and secondary
solids, the oxidation rate of Fe-rich metal by H,0O, as
well as chemical equilibration among solutes, precipi-
tates, and dissolved gases. In the model, secondary
phases form through dissolution of primary minerals,
all species in aqueous solution are in equilibrium, and
secondary precipitation is controlled by solubilities of
minerals. A thermodynamic block of the model is
based on the GEOCHEQ code [9], which uses the
Gibbs free energy minimization method to calculate
equilibria.

Alteration was modeled for 0°C and 2 kbar in the
system H-O-Fe-Mg-Ca-Al-Si-Na-K-S-CI-C that was
either closed or open with respect to H, gas. Closed
system models represent conditions when H, is not
allowed to leave the system (e.g., alteration beneath
impermeable icy shells or rock layers). Open system
calculations are used to model H, removal. For the
open system, fugacity (f) of H, was 127 bar, which

corresponds to the conditions of gas separation at the
bottom of ~10 km thick icy shell. The rock composi-
tion was assumed to be solar and the original mineral-
ogy was represented by Fe-metal, forsterite, enstatite,
diopside, feldspars, and troilite. Pyrene (CigHio) was
used as a proxy for polyaromatic compounds. In nomi-
nal models, primary and secondary mineral grains (1
um in diameter) were entirely exposed to the solution.
The calculations were performed for the water/rock
mass ratio of unity, which corresponds to interaction
of a 100 km thick ocean with the underling rock layer
of ~30-40 km thick. Freshly melted water was repre-
sented by 0.044 molal (mol per kg H,O) HCI solution
[c.f. 10]. The solution also contained CO (10° molal)
added to represent water-soluble carbon compounds.
Formation of CH,4 and other light hydrocarbons was
suppressed because of the inhibition of their formation
at low temperatures.

Results and discussion: The closed system model-
ing shows an increase in fH, through oxidation of Fe-
metal, which quickly leads to equilibration between
metal and magnetite at log fH, = 3.9,

3Fe’® + 4H,0(liq.) = FesO, + 4H(aqueous/gas) (1).

Further oxidation does not occur unless H, is allowed
to leave the system. Alteration of silicates leads to Mg-
rich phyllosilicates. The closed system scenario is not
consistent with sulfate-bearing composition of the
ocean [11]. In addition, a low thickness of the icy shell
in geologic history (3-70 km [1]) should have not pre-
vented H, escape.

Open system models demonstrate rapid oxidation
of Fe® metal according to reaction (1). Fe-rich metal,
pyroxenes, and feldspars are completely altered during
first ~10° yr. Forsterite dissolves by ~2x10* yr, and
abundances of troilite and pyrene do not change much
during at least 10%yr (Fig. 1a). At early stages of altera-
tion, magnetite and greenalite (Fe-serpentine) are ma-
jor secondary phases (Fig 1b). At later stages, signifi-
cantly altered rocks consist of Mg-Fe-serpentine, Fe-
chlorite, brucite, portlandite, calcite, Ca-K-saponite,
magnetite, and mostly unaltered troilite and polyaro-
matic compound(s). Each time, rock mineralogy con-
sists of secondary minerals equilibrated with solution,
previously precipitated unstable phases, and unaltered
primary phases. Total volume of solids increases in
time, while the amount of solution decreases because
of hydration and H, removal (Fig. 1c).

Rapid neutralization of the original acidic fluid led
to an alkaline solution with pH ~12-13.5. The solution
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The timescales shown in Fig. 1 represent a fast

a " evolution scenario. Alteration could have occurred
PRIMARY MINERALS pH pH - -

b oreterite {13 several orders of magnitude slower due to large grain
e A oyene {12 sizes and low permeability of rocky materials. Note

woite a1 that the change in rock volume during hydration (Fig.
1c) could have decreased effective surface area and
rock permeability.

Summary: The composition of an early ocean on
Europa evolved dramatically during the first 10*-10° yr
1 after ice melting. Rapid oxidation of Fe-metal, H, es-
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yaromatic compounds favored their survival among
secondary minerals.

Acknowledgements: This work is supported by
1 NASA Outer Planets Research program.

c VOLUMES OF SOLIDS AND AQUEOUS SOLITION pH pH

{13 References: [1] Haussmann H. and Spohn T.

lawsonite \

b SECONDARY M;NERALS N pl— - - - - .

o 2} greenalite B cape, and pervasive alteration of micron-size mineral

2. d12 particles led to extremely alkaline oceanic water that
magnetite -y - - -

§ oMot ’ i slowly approached equilibrium with underlying altered

£l Chrysotile ] rocks. Note that slow dissolution of troilite and pol-

=} greenalite 10

S

j=2

o

daphnite

pyrrhotite

o solids waqueous solution 1, (2004) Icarus, 171, 391-410. [2] Kargel J. S. et al.
E lu (2000) Icarus, 148, 226-265. [3] Zolotov M. Yu. and
g " aqueous solution L1 Shock E. L. (2001) J. Geophys. Res., 106, 32,815-
§ 600 IR 32,827. [4] McKinnon W. B. and Zolensky M. E.

400 solids . (2003) Astrobiology, 3, 879-897. [5] Zolotov M. Y.

o ‘ ‘ ‘ ‘ . and Shock E. L. (2004) J. Geophys. Res., 109,
ad oo . : . E06003. [6] Zolotov M. Yu. et al. (2006) Lunar
g | Meowroussomon — |} Planet. Sci. XXXVII, abstract 1435. [7] Stevenson D. J.
o of Mg N N K 1. et al. (1986) in Satellites, Univ. Ariz. Press, 39-88. [8]
é S . Zolotov M. Yu. et al. (2007) this issue. [9] Mironenko
£ uf Fe 1" M. V. et al. (2000) DGGGMS RAS, 5(15), 96-97. [10]
g _5% { s {10 Zolotov M. Yu. and Mironenko M. V. (2007) Lunar
g . {s and Planet. Sci. XXXVIII, abstract 2340. [11] McCord
8§ s B T. B. et al. (1999) J. Geophys. Res., 104, 11827-

0.01 0.1 1 10 100 1000 11851

Time, vears

Table 1. Concentrations, mol/(kg H,0), of major

Figure 1. Temporal changes in mineralogy and solutes in oceanic water 1000 years after ice melt-

aqueous chemistry during early evolution of Eu- ing. 0°C, 2 kbar, water/rock = 1, fH, = 127 bar.
ropa’s ocean at 0°C and 2 kbar total pressure. The Na 34x10° CI 52 x 102
system is open with respect to H, (fH, = 127 bar). NaHSiOsaq  7.2x 107  HSiOs 45 % 10°
Water-rock mass ratio = 1. NaOH,aq 17x102  HS+S* 2.7 x 10"
Lo - K 11x10%  COy” 1.7 x 10*
becomes more saline in time and the ionic strength KOH,aq 27x10%  Hyaq 3.9 x 107
reaches ~0.7 by 10* yr. Variations in pH and solution ca?t 35x102  Methanol,ag 1.0 x 10°
composition were affected by precipitation of secon- CaCO,,q 33x10%  Formate 15x 107

dary phases (Figs. 1b and 1d). At very early low-pH CaOH* 25x10°  pH 13.6

stages, CI', Fe?*, Mg®, and Ca®* were the dominant OH- 3.6x 107 lonicstrength  0.46

solutes. At advanced alkaline stages, Na*, Ca®*, K*, CI
, OH’, and H, dominate (Table 1). Carbon species are
mostly presented by methanol, CO;”, and formate.
Note that abundance and speciation of aqueous C spe-
cies are limited by inefficient dissolution of primary
organics and by low rates of redox reactions. Sulfur is
in sulfide form (HS + S%) and its concentration in-
creases with pH. Sulfate species are not present.



