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The ocean in Jupiter’s moon Europa may have redox balance similar to

Earth’s. On Earth, low-temperature hydration of crustal olivine produces sub-

stantial hydrogen, comparable to any potential flux from volcanic activity.

Here, we compare hydrogen and oxygen production rates of the Earth sys-

tem with fluxes to Europa’s ocean. Even without volcanic hydrothermal ac-

tivity, water-rock alteration in Europa causes hydrogen fluxes ten times smaller

than Earth’s. Europa’s ocean may have become reducing for a brief epoch,

for example after a thermal-orbital resonance ∼ 2 Gyr after accretion. Es-

timated oxidant flux to Europa’s ocean is comparable to estimated hydro-

gen fluxes. Europa’s ice delivers oxidants to its ocean at the upper end of

these estimates if its ice is geologically active, as evidence of geologic activ-

ity and subduction implies.
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1. Introduction

In potentially habitable worlds, global fluxes of oxygen and hydrogen provide a measure

of chemical disequlibria, a key requirement for life. Pressure and temperature control

geochemical production of these redox couples. They also control the presence of oceans

in oceanic icy worlds: the Galilean satellites Europa, Callisto [Khurana et al., 1998] and

Ganymede [Kivelson et al., 2002]; and in Saturn’s moons Enceladus [Postberg et al., 2009;

Iess et al., 2014] and Titan [Bills and Nimmo, 2005; Iess et al., 2012]; and probably

Neptune’s moon Triton [Chyba et al., 1989; Nimmo and Spencer , 2014]. Today, each of

these worlds may contain the ingredients for life–the fluxes of chemical energy, water,

and raw materials that make up cellular material and drive biogeochemistry. Possible

past ocean worlds in the solar system, with extinct or remnant subsurface oceans, include

the asteroid Ceres [McCord and Sotin, 2005; Castillo-Rogez and McCord , 2010; Castillo-

Rogez , 2011]; icy satellites Ariel, Iapetus, Umbriel, Titania, Oberon and Triton; and large

dwarf planets including Pluto, Charon, Eris, Sedna and Orcus [Hussmann et al., 2006;

Vance et al., 2007; Rhoden et al., 2015].

Pressures and temperatures common to the water-rock interfaces in known and putative

ocean-bearing icy worlds, past and present, are outside the “terrestrial planet habitable

zone” range in which life grows on Earth (Figure 1). High hydrostatic pressures [approach-

ing 2000 MPa; Vance et al., 2014]) and depression of fluid freezing points by compounds

such as ammonia must be considered when addressing life’s adaptability [Rothschild and

Mancinelli , 2001; Picard and Daniel , 2013]. In Europa and Enceladus, Earth-like seafloor

pressures of < 100 MPa, and modest temperature conditions [Hsu et al., 2015] make them
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prime candidates in the search for extant life. We argue that these conditions also imply

a high degree of water-rock reaction today, even in the absence of tidal heating in the

mantle.

Here we consider how internal pressures and temperatures in wet and rocky worlds gov-

ern hydrogen production from water-rock reactions. As described in Section 2, we compute

the P-T conditions for thermal cracking (thick line in Figure 1). as a conservative metric

for the limits to water percolation into the rocky mantle. Water-rock interaction rates

are computed for material exposed as the fracture front moves downward due to global

cooling. Serpentinization has been shown to produce hydrogen at low temperatures [May-

hew et al., 2013], and so is used as a basis for our estimates of hydrogen fluxes, allowing

comparison with production estimates for Earth obtained from in situ measurements. In

Section 3 we discuss the results and implications for Europa: Europa likely has a high

radiolytic oxidant flux and comparable low-temperature and high-temperature sources

of reductants. We consider how Europa may have changed through time, and whether

Europa’s global ocean system has a long-lived redox cycle comparable to the Earth system.

2. Reductants from low-temperature water-rock reactions

Today, Earth’s low-temperature water rock alteration and high-temperature hydrother-

malism produce comparable fluxes of hydrogen [Sleep and Bird , 2007]. Water-rock reac-

tions to more than 5 km depth in Earth’s oceanic and continental crust produce abiogenic

hydrogen in abundances exceeding 2× 1011 mol yr−1 [Sherwood Lollar et al., 2007, 2014].

Serpentinization contributes the majority of Earth’s reaction-derived H2, releasing both

heat and hydrogen from hydration of olivine and pyroxene [Sleep et al., 2004]:
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3Fe2SiO4 + 2H2O= 2Fe3O4 + 3SiO2(aq)+2H2(aq) (1)

fayalite + water = magnetite + silica + hydrogen

3FeSiO3+H2O= Fe3O4 + 3SiO2(aq)+H2(aq) (2)

ferrosilite + water = magnetite + silica + hydrogen.

2Mg2SiO4 + 3H2O = Mg(OH)2 + Mg3Si2O5(OH)4 (3)

forsterite + water = brucite + serpentine.

Serpentinization has occurred throughout the solar system, as evidenced in ancient regions

on Mars [Michalski et al., 2013] and in carbonaceous chondrites [Takir et al., 2013] that

are representative of early solar system materials. These findings support the idea that

deep low-temperature water-rock reactions contribute to the global redox inventory on

Europa (or Mars), contrary to prior assumptions [Jakosky and Shock , 1998; Travis et al.,

2012; Pasek and Greenberg , 2012].

We calculate global hydrogen production rates using the fracture model from Vance

et al. [2007]. Symbols are described in Table S1 and planetary values in Table S2. Frac-

turing exposes unaltered rock progressively through time. For a planet or moon with

radius R and seafloor depth d (Rsf = R− d) as shown in Figure 1, the mass of fresh rock

exposed per unit time, Ṁ , and associated heat Hserp and hydrogen production FH2 from

serpentinization of olivine are computed from the advancing depth z(t) of the fracture

c©2016 American Geophysical Union. All Rights Reserved.



front below the seafloor,

V (t) = 4/3π(R3
sf − z(t)3) (4)

˙nfo = V̇ /Vfo (5)

Hserp = xolLserp ˙nfo (6)

FH2 =
2

3
xolxfa ˙nfo (7)

The exposure of reactable rock ṅfo (in moles) assumes the specific volume of the ma-

jor component forsterite (Vfo = 43.79 cm3 per mole). We adopt the forsterite reac-

tion heat, which is known at standard pressures and temperatures of serpentinization

[Lserp = 41 kJ/mole; MacDonald and Fyfe, 1985; Früh-Green et al., 2004]. Oxidizing a

mole of fayalite with water generates 2/3 of a mole of hydrogen (Eqn. 1). We thus assume

103 mol m−3 of reacted rock, less than the value of 1.4× 103 mol m−3 assumed by Sher-

wood Lollar et al. [2014]. We ignore additional production of hydrogen from radiogenic

hydrolysis of water [Lin et al., 2005].

The compositional structure of Europa’s mantle is uncertain, and depends in part on

the vigor of mantle convection during its early history (see Section S2). Rock composition

is assumed to be that of lherzolite, the most common peridotite in Earth’s mantle, with

70% olivine (xol = 0.7), 10% of which is iron-bearing fayalite (xfa = 0.1). The remaining

30% is not consequential to our model, but is worth describing in further detail (see

Supplemental section 3).

We compute z(t) as the pressure and temperature horizon below which the fracture

opening rate exceeds the rate of viscous closure. Microfracturing is caused by thermal

expansion anisotropy and mismatch (inset schematic in Figure 1), which are linked to
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cooling. This creates openings, or flaws, between mineral grains, creating porosity, which

equates with permeability on the ∼Myr time scales considered here.

The depth of fracturing depends on grain and flaw sizes (assumed as 1 and 0.1 µm

respectively), and cooling rate (1 oC yr−1). The grain size is a conservative lower limit;

grain sizes in planetary seafloors are probably larger, which would lead to higher fluxes of

hydrogen (see Supplement for further discussion and details). Fracturing depends most

strongly on grain size; on smaller worlds, mineral grain sizes will be larger in general (see

Supplement), and thus will be more susceptible to fracturing. We assume rock rheological

and thermal properties consistent with olivine in Earth’s crust.

The fracture front deepens as global radiogenic heating decreases. Unaltered rock is

exposed at rates of ż on the order of mm per year (Table S2). We compute time-dependent

pressure-temperature profiles in icy worlds from known bulk densities and assessed internal

radiogenic heating. We assume the bodies are differentiated into a pure water upper layer

with an underlying rocky core (Figures 1; Supplement; Vance et al. [2007]). Constraints

on internal density distributions are presently unavailable for many objects (magenta in

Figure 1). We do not account for the effects of high pressures and dense ice phases on the

chemistry of water-rock interactions in the largest icy worlds (orange in Figure 1; pressure

for Ganymede is computed using depth dependent gravity and thermodynamic properties

as in Vance et al. [2014]).

Our model assumes exposed olivine serpentinizes immediately, but we implicitly adopt

a relevant time scale > 1 Myr, appropriate for near-complete fracturing of exposed olivine.
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The thermal fracturing model provides conservative estimates of fluid-accessible depths

in icy worlds. The model does not include factors that could create additional permeabil-

ity [Sleep, 2012]. These include large-scale tectonism, which on Earth subsumes water into

the oceanic crust [McCaig , 1988], and additional cracking from fluid overburden pressure

or expansion/contraction within pores, as discussed by Neveu et al. [2015] in the elabora-

tion of this model and its application to Ceres. We ignore dissolution and precipitation of

materials, which may enhance or reduce permeability (Neveu et al. [2015] find effects from

dissolution and precipitation of magnesium carbonate, chrysotile serpentinite, and silica

to be negligible). Volume increase due to serpentinization, another possible inhibitor of

porosity, in fact appears to aid in the formation of additional fractures [O’Hanley , 1992;

Kelemen and Hirth, 2012]. Permeability measurements in multiple rock types indicate

precipitated products of serpentinization decrease permeability by up to two orders of

magnitude [Farough et al., 2016]. However, neutron diffraction studies of partially ser-

pentinized rocks [Tutolo et al., 2016] suggest that permeability increases in long-lived

flow channels due to flow or diffusion within pores, partially offsetting the volume in-

crease upon serpentinization by precipitation of denser magnetite, and the development

of porosity within the serpentinites themselves.

3. Results

By this method, predicted hydrogen flux for Earth is similar to values assumed and

measured by others. The depth of water-rock reaction is z = 6 km, similar to ”habitable

zone” depths of 5 km assumed by Sherwood Lollar et al. [2014] and Sleep and Bird [2007].

Seismic measurements constrain hydrothermal circulation depths to < 10 km [deMartin
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et al., 2007]. This depth limit is also inferred for the West Canadian shield from geother-

mal, thermochronological, and (U-Th)/He dating measurements. The predicted rate of

material exposure in Earth’s present-day crust, ż = 0.03µm yr−1, is 100× less than the

2.5µm yr−1 inferred by Flowers et al. [2006]. We attribute the difference to our assump-

tion that objects cool uniformly over 4.5 Gyr, whereas the West Canadian shield was

emplaced within the past 1.7 Ga. Hydrogen production from serpentinization, integrated

over Earth’s entire surface, is 2 × 108 moles cm−2 s−1, or 0.5×1011 moles H2 yr−1. This

is similar to inventories from hydration of continental Precambrian crust in the range

0.2− 1.8× 1011 moles H2 yr−1 [Sherwood Lollar et al., 2014].

Water-rock alteration should occur more extensively in objects smaller than Earth be-

cause fracturing depths scale inversely with an object’s radius (Supplemental Table 2).

Enceladus is expected to fracture throughout its rocky interior at the time of accretion,

neglecting any tidal heating. If the fracturing model is correct, the high hydrogen and

methane concentrations observed in the Enceladus plumes [Waite et al., 2009], and high

inferred ocean pH consistent with active serpentinization [Glein et al., 2015], would imply

the ocean is relatively young, perhaps owing to recent migration into tidal resonance with

Dione, or alternatively that serpentinization has proceeded very slowly.

Europa’s predicted present-day hydrogen production (Figure 2) is nearly an order of

magnitude larger than Earth’s on a per-unit-area basis (Figure 3). Rock exposure rate

(ż in Table S2) is 0.1 µm yr−1. Predicted fracture depth for a present-day 100-km-deep

ocean is 25 km. Europa produces up to 4 × 1010 moles of H2 per year from water-rock

reactions with newly exposed material. In the largest icy bodies—Titan, Ganymede,
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and Callisto—and in bodies with a very thick H2O upper layer such as Triton, high

pressures prevent microfracture formation, so water-rock reactions in these objects require

additional mechanisms to generate permeability, such as tectonics, pore fluid expansion,

or fluid overburden.

Hydrogen from high-temperature hydrothermalism

Europa’s reductant flux may be maintained by serpentinization or high-temperature

(∼ 350oC) basaltic volcanism. High-temperature hydrothermal fluids on Earth have a

global mass flux Qht ≈ 3× 1013 kg yr−1 and produce FH2 ≈ 0.06 Tmol H2 yr−1 [Sleep and

Bird , 2007]. Earth’s total flux of hydrothermal fluids is Qhydr = 1015 to > 1017 kg yr−1

[Johnson and Pruis , 2003; Nielsen et al., 2006]. Lowell and DuBose [2005] compute

Europa’s maximum global hydrothermal fluid mass flux to be Qhydr = 107 kg s−1, or

∼ 3 × 1014 kg yr−1. They assume Hhydr = 0.5Hmantle = 5 TW, with Hmantle accounting

for the majority of Europa’s tidal heating. This extreme is unlikely today. The mantle is

probably too viscous to dissipate significant tidal heat [Sotin et al., 2009], although it was

probably warmer and less viscous, and thus more dissipative early in Europa’s history, as

discussed below. The proportion of high temperature fluid fluxes is assumed to be larger

than on Earth, Hht = 0.1 to 0.5Hhydr, given Europa’s lower gravity and steeper thermal

gradient in the tidally heated mantle.

We calculate Europa’s high-temperature hydrothermal H2 production by analogy to

Earth, based on global fluid fluxes. High temperature hydrothermal hydrogen fluxes as a

function of Hmantle are calculated as FH2,ht = nH2Qht, with Hht = 0.1Hhydr = 0.05Hmantle.
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High-temperature mass flux is

Qht =
Hht

cw∆T
, (8)

where ∆T = 350oC, and cw = 4 kJ kg−1 is the heat capacity of water at 350oC and europan

seafloor pressures in the range 100 MPa [Wagner and Pruss , 2002]. Nominal hydrogen

content is nH2 =2 to 6 mmol H2 kg−1 [Holland , 2002]. Applying this to the maximum

Hmantle from Lowell and DuBose [2005] sets an upper bound for high-temperature hy-

drothermal reductant flux of ∼0.03 Tmol H2 yr−1, comparable to the amount for Earth.

Figure 2 shows FH2,ht, as a function of mantle tidal heating, up to Hmantle = 3.5 TW.

Oxidants: Magnetic fields and radiolysis

Among known icy worlds, oxidant production is largest at Europa because of its active

geology and intense surface irradiation [Cooper et al., 2001; Johnson, 2004; Hand et al.,

2007]. Gas giant magnetospheres capture solar wind ions that bombard satellite surfaces.

{Europa, Ganymede, Callisto} receive averages of {125, 6, 0.6} mW m−2 [Cooper et al.,

2001; Johnson, 2004]. Enceladus and Triton receive less flux than Ganymede [Cooper

et al., 2009].

Surface irradiation dissociates water and drives radiation chemistry that oxidizes the

surface to a depth greater than 10 cm [Hand et al., 2007]. Oxygen-rich materials (O2,

H2O2, SO4, SO2, CO2,...) accumulated at Europa’s surface may reach its ocean on a time

scale shorter than the nominal surface age of 60-100 Myr [Zahnle et al., 2008], or longer

if they are retained within the ice.

Estimates of present-day oxygen flux to Europa’s ocean vary based on assumptions of

how the surface ice overturns, with values ranging from 3× 108 to 2× 1011 moles O2 yr−1
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[Hand et al., 2007] to as high as 1 to 3×1011 [Greenberg , 2010]. The higher values stem

from assumptions that ridge and chaos formation bring fresh ice to Europa’s surface,

and melting within the ice aids in carrying materials to the ocean. The net effect is

that resurfacing over time has cycled the oxidized upper layer back into the ice. In this

scenario, continuous resurfacing would have enhanced the radiation gardening depth by

a factor of 100 and saturated downwelling ice with oxidants over the first ∼ 2 Gy of

Europa’s history.

Recent research supports the idea that Europa’s ice is currently cycling surface mate-

rials into the ice and ocean. Subsumption [Kattenhorn and Prockter , 2014] and mobile

subsurface liquids [Schmidt et al., 2011] are tentatively identified in the few well imaged

regions of Europa that may represent its global geology. If Europa’s active ice shell de-

livers oxygen to the ocean at rates close to the upper bound of 3 × 1011 moles O2 yr−1

[Greenberg , 2010], this is within two orders of magnitude of Earth’s net photosynthetic

oxygen flux of 2× 1013 moles O2 yr−1 [Catling and Claire, 2005].

Mind the gap: The redox budget of the Europa system

Figure 2 shows Europa’s present day redox inventory compared with Earth’s. Fluxes to

Europa’s ocean of H2 from serpentinization or volcanism (109 to 5× 1010 moles yr−1) are

in nearly the same range as those from O2 (5×109 to 4×1011 moles yr−1) from radiolysis,

with serpentinization compensating for the shutoff of volcanism in the case of low tidal

heat input to Europa’s rocky interior. The maximum seafloor heat [surface equivalent

flux of 114 mW m−2 Vance and Goodman, 2009] represents the limit that Europa’s ice

is thinner than 6 km (top axis) and all tidal heating occurs in the rocky interior. As
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described above, this extreme is unlikely today, and majority of tidal heat is probably

dissipated instead in Europa’s ice [Sotin et al., 2009]. We calculate thermally conductive

ice thicknesses as per Vance et al. [2014], with Ts = 110 K and Tb = 273 K. The thick line

for H2 flux corresponds to a rocky seafloor 100 km below Europa’s surface; the shaded

region surrounding it portrays uncertainties based on interpretation of Galileo gravity

data [80-170 km Schubert et al., 2004]). The width of the red line corresponds to high

temperature H2 in the range of 2 to 6 mmol kg−1 [Holland , 2002].

The Europa system through time

We can speculate on how the redox state of Europa’s ocean has changed through time,

and how this might have affected the evolution of a potential biosphere. The order of

magnitude excess of present day new O2 fluxes over H2 in Europa is comparable to Earth’s

present day excess. On a per-unit-area bases, the absolute fluxes are also similar within an

order of magnitude. It is worth considering whether gradual oxidation of Europa’s ocean

from an initially reducing state could have set the stage for a global biosphere mediated

by cycling of carbon, nitrogen, and sulfur [Hand et al., 2009; Greenberg , 2010].

A promising scenario for life’s origin on Earth is a transition from geochemistry to bio-

chemistry occurring in alkaline hydrothermal systems, in a mildly acidic ocean created by

high temperature volcanic and hydrothermal activity [Russell et al., 2014, and references

therein]. The first metabolic activity would have arisen from reduction of oceanic CO2 us-

ing hydrogen from ∼ 100 oC serpentinization, combined with abiotic methane from higher

temperature water-rock reactions. Europa’s early ocean and seafloor were probably also
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reducing, such that an independent origin of life might have occurred in the hot early

Europa as its ocean oxidized by radiolysis [Zolotov and Kargel , 2009].

Metazoans, i.e. multi-cellular life, may have evolved if Europa’s ocean oxidized in a

manner similar to the gradual rise of oxygen in Earth’s atmosphere [von Strandmann

et al., 2015; Zhang et al., 2016]. Alternatively [Greenberg , 2010; Pasek and Greenberg ,

2012], the oxidation of Europa’s ocean could have overwhelmed reductive sinks at Europa’s

seafloor after the first ∼ 2 Gyr, making the ocean toxic for life as we know it. Pasek

and Greenberg [2012] assume that seafloor alteration was inadequate to buffer against

toxic ocean acidification because mineral dissolution and incomplete hydration would

have halted the progressive serpentinization described here [and summarized by Vance and

Goodman, 2009]. As noted earlier, the fracturing assumed in our model is conservative

relative to other estimates of fracture-induced permeability [Sleep, 2012; Neveu et al.,

2015]. Recent investigations of hydrogen flux on Earth [Sherwood Lollar et al., 2014]

support our model’s predicted degree of water-rock alteration.

In contrast with the toxic acidification scenario, Europa’s entire ocean may have become

highly reducing for epochs lasting for millions of years, if its coupled thermal-orbital

evolution led to intense heating in its silicate mantle. Though tidal heating of Europa’s

silicate mantle may be negligible today compared with radiogenic heating [Sotin et al.,

2009], it could have been larger during Europa’s first few billion years due to higher orbital

eccentricity and a warmer mantle. Europa’s mantle may have received significant tidal

heating during the 500 My after formation owing to a peak in thermal-orbital evolution

of its Laplace resonance with Io. In models by Hussmann and Spohn [2004] in which
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the majority of tidal heat is generated in the silicate interior, this resulted in near-zero

thickness of the conductive thermal layer in the rocky seafloor, with average temperatures

in the convecting mantle exceeding the equilibrium hydration line for olivine and pyroxene

(650 K; Figure S1). This type of dewatering is a key factor in plate subduction and

volcanism on Earth [Fyfe, 1985]. Subduction also delivers oxidized iron (Fe3+) from the

crust to the lower mantle, restoring the reducing power of the crust [Hayes and Waldbauer ,

2006].

If dehydration and subduction returned Europa’s seafloor rocks to a reduced state by

restoring Fe3+ to Fe2+, rehydration in the subsequent epochs of cooling could have created

spikes in the output of heat and hydrogen. These spikes are depicted as thin dashed lines

in both panes of Figure 3), using tidal heating and crustal thickness numbers adopted

from Figure 5 of Hussmann and Spohn [2004]. The upper limit of corresponding heat and

hydrogen fluxes (assuming the dehydrated mantle becomes fully reduced once more) is

calculated as before, assuming mantle minerals become hydrated to the radiogenic fracture

front within 100 Myr. In that case, reductant output would have exceeded the present-day

global flux of oxidants by orders of magnitude.

4. Discussion and Conclusions

Europa and other wet and rocky worlds may produce reductant fluxes comparable to

Earth’s on a per-unit area basis. Europa is special for the potential to have a high flux

of oxidants to its ocean. We predict that Europa’s large and persistent chemical fluxes of

oxygen and hydrogen, approximately 1011 and 1010 moles yr−1 today, respectively, could
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balance in a way that is unique among potentially habitable icy worlds in the solar system.

For this reason, Europa may have favored the origin and evolution of life.

Earth’s redox cycle is far more complex than the balance of hydrogen and oxygen fluxes

we have discussed. The offset between Earth’s O2 and H2 (Figs. 2 and 3) reflects the role

of carbon, and to a lesser extent sulfur, iron, nitrogen and other compounds. As described

above, cycling of reductants and oxidants on Europa [Hand et al., 2009; Russell et al.,

2014] may involve alteration of Europa’s mantle by solid-state convection.

Several researchers have previously considered whether abundant abiotic oxidants on

Europa could have prompted the evolution of metazoans [Greenberg , 2010; Pasek and

Greenberg , 2012; Hand et al., 2009, ibid.]; however, it has also been argued that complex

life requires Earth-like continents to provide necessary minerals and diverse chemical re-

actions [e.g., Maruyama et al., 2013]. The presence of potassium rich KREEP, granites,

and other minerals has not been thoroughly evaluated for Europa. If such materials are

required, it seems plausible that mantle solid state convection might have provided suf-

ficient heat to drive metamorphic separation of such “continental” materials, but this is

speculative at the moment. Further work is needed, on Earth and at Europa, to determine

the conditions for evolving complex life [e.g., Lane and Martin, 2010; Pittis and Gabaldón,

2016], and whether Europa may have produced such conditions.

Future missions can test the assumptions of our model by sampling Europa’s atmosphere

and ice for compositional and isotopic signatures of ocean pH and water-rock interaction

[e.g., Glein et al., 2015]. Gravity science [Vance et al., 2015] or a landed seismic investiga-

tion [e.g., Pappalardo et al., 2013] can aid in evaluating Europa’s radial density structure,
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the rheological state and thermal state of its mantle [Cammarano et al., 2006; Panning

et al., 2006], and the extent of seafloor hydration.
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Figure 1. Pressures and temperature profiles for known and putative ocean worlds used in the

fracture model. The inset schematic, modified from Neveu et al. [2015], illustrates the mechanism

for cracking due to thermal expansion anisotropy.
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Figure 2. Present-day fluxes of H2 and O2 to Europa’s ocean versus tidal heating in the rocky

interior. Top axis: equilibrium thickness of a thermally conductive ice shell heated from below.
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Figure 3. Heat (a; in mW m−2) and hydrogen (b; in molecules cm−2 s−1) from serpentinization

in wet and rocky worlds versus geologic time (in Gya). Dashed lines: reequilibration of the

alteration front due to a resonance of Europa’s thermal and orbital evolution [Hussmann and

Spohn, 2004]. Shaded regions in b at 0 Gya: H2 and O2 fluxes to Europa’s ocean and Earth’s

atmosphere from Figure 2.
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