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Key points: 21 

- The dissolution of Fe-silicates in the Enceladus’ core takes place at far-from-equilibrium 22 

conditions, resulting in elevated reaction rates. 23 

- The duration of H2 generation resulting from serpentinization of Enceladus’ core does not 24 

exceed 500 Myr. 25 
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- Alternative processes must be explored to explain the observed rate of H2 emission in 26 

Enceladus’ plume.  27 
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Plain language summary 28 

Enceladus is a small icy moon orbiting Saturn that presents a striking activity with jets 29 

emanating from parallel fractures in the tectonized south polar terrain. The amplitude of the 30 

moon’s rotation indicates the presence of a global internal ocean, and chemical analyses by 31 

the Cassini spacecraft of the materials ejected from the interior suggest the ongoing 32 

occurrence of high temperature water-rock interactions, possibly in the porous rocky core. In 33 

particular, this conjecture stems from the detection of molecular hydrogen (H2), a well-known 34 

by-product of the aqueous alteration of iron-bearing silicates. The lifetime of such reactions is 35 

key to assess both the habitability potential of Enceladus and to constrain plausible durations 36 

of the present active stage in a context where the evolution of the moon is debated. Here, we 37 

modeled such lifetimes, exploring various scenarios for the rate-limiting mechanisms of the 38 

process. Overall, we found that the timescales of hydrogen production never exceed 500 Myr, 39 

and are ultimately controlled by the water supply in the core. We thus suggest that either the 40 

hydrothermal activity has developed recently on Enceladus, or that alternative processes 41 

including microbial activity must be tested to explain the observed H2 flux in Enceladus' 42 

plume.   43 



4 

Abstract 44 

The Cassini spacecraft demonstrated that Saturn’s small moon Enceladus may harbor 45 

hydrothermal activity. In particular, molecular hydrogen production could result from water-46 

rock interactions in a tidally-heated, water-filled porous rocky core. The lifetime of such 47 

reactions is key to assess the habitability potential of Enceladus and to constrain plausible 48 

durations of the active stage in a context where the evolution of the moon is debated. 49 

Although it has recently been suggested that the serpentinization timescale does not exceed a 50 

few hundred million years, this estimation was based on assumptions regarding silicate 51 

dissolution kinetics that are prone to overestimate the actual reactivity of primary silicates. 52 

Here, we investigated plausible rate-limiting mechanisms governing fluid-rock interactions 53 

that could delay the completion of Enceladus’ core serpentinization. In particular, we 54 

considered the impact of (i) various secondary mineral assemblages on the Gibbs free energy 55 

of Fe-bearing silicate dissolution and associated dissolution rates; (ii) rate-laws alternative to 56 

the transition state theory; (iii) diffusion in nanoporous secondary assemblages; (iv) slow 57 

water supply. Overall, our results confirm that serpentinization timescales never exceed 500 58 

Myr, and indicate that fluid flow ultimately sets the tempo for serpentinization. Only 59 

unreasonable grain sizes in Enceladus’ core (> 1m) or unexpectedly low diffusivity of 60 

secondary coatings covering primary silicates would be consistent with serpentinization 61 

durations of several billion years. We thus suggest that either the hydrothermal activity has 62 

developed recently on Enceladus, or alternative processes (pyrolysis of insoluble organic 63 

matter, microbial activity) must be tested to explain the observed H2 flux in Enceladus’ 64 

plume. 65 

  66 
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1. Introduction 67 

Many planetary bodies in the outer solar system are now considered to be ocean worlds, 68 

i.e., they harbor global layers of liquid water beneath the ice crust (see for instance the 69 

synthesis by [Nimmo and Pappalardo, 2016]; also [Hendrix et al., 2019]). In most cases, 70 

inner oceans are believed to be in direct contact with rocky cores: only in the case of the 71 

largest moons Ganymede, Titan and Callisto, can a deep mantle composed of high-pressure 72 

ice polymorphs be present  (e.g., [Hussmann et al., 2015]). While chemical reactions between 73 

rocks and liquid water would raise the astrobiological potential of such habitats ([Lammer et 74 

al., 2009]), very little conclusive evidence exist. Although alteration by water may occur at 75 

low-temperature (e.g. [Zolotov, 2009]), higher temperatures are generally held as more 76 

favorable for chemical weathering. The observation of plumes at the surface of Enceladus 77 

([Porco et al., 2006]) or Europa ([Roth et al., 2014]) is interpreted as evidence of warmer 78 

interiors. Interior models indicate plausible contexts that differ for the two moons: 79 

magmatism may exist in the sub-surface of the relatively large rocky core (about 1450 km in 80 

radius) of Europa ([Běhounková et al., 2021]), and warm convection of liquid water 81 

throughout the porous small core (less than 200 km in radius) of Enceladus ([Choblet et al., 82 

2017]). In both cases, tidal heating modulates the thermal state and controls the efficiency of 83 

water-rock interactions. As tidal dissipation is itself strongly coupled with the orbital 84 

evolution of these moons (including resonances with neighbors), non-monotonic evolutions 85 

can be expected. 86 

The specific case of Enceladus is the most emblematic. Clues indicative of present-day 87 

hydrothermalism have been witnessed by the Cassini spacecraft: nanoscale silica grains in the 88 

E-ring originating in Enceladus ([Hsu et al., 2015; Sekine et al., 2015]) as well as the 89 

identification of an endogenous source of molecular hydrogen (H2) ([Waite et al., 2017]) and 90 

the subsequent detection of complex organics in the ejected icy grains ([Postberg et al., 91 
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2018]) all point to ongoing water-rock interactions at temperatures higher than 50 °C ([Hsu et 92 

al., 2015; Sekine et al., 2015]).  93 

Because of the chondritic nature of Enceladus’ core, the aqueous alteration of Fe-bearing 94 

minerals (such as olivine or orthopyroxenes) is often considered as a model reaction that can 95 

be responsible for the production of molecular hydrogen. The most generic chemical equation 96 

of this process, without any preconception on the nature of the secondary hydrated silicates 97 

that may form, combines the reaction of olivine dissolution: 98 

Mg2-xFexSiO4 + 2H2O = SiO2(aq) + (2-x)Mg2+ + xFe2+ + 4OH- (1) 

to that of the production of molecular hydrogen resulting from Fe
2+

 oxidation: 99 

3Fe2+ + 6OH- = Fe3O4 + 2H2O + H2 (2) 

which ultimately leads to the following overall reaction: 100 

Mg2-xFexSiO4 + (2-2x/3)H2O = (x/3)Fe3O4 + (x/3)H2 + SiO2(aq) + (2-x)Mg2+ + (4-2x)OH- (3) 

A similar overall reaction can be retrieved by using a generic orthopyroxene as a reactant 101 

instead of olivine: 102 

Mg1-xFexSiO3 + (4x/3-1)H2O + (2-2x)H+ = (x/3)Fe3O4 + SiO2(aq) + (1-x)Mg2+ + (x/3) H2 (4) 

The observation of such an active stage at present for Enceladus has strong implications. 103 

The timescales during which H2 can be produced by rock alteration are key aspects because 104 

(i) abiotic hydrogen can fuel life ([Ménez, 2020]) and (ii) these would place major constraints 105 

on the plausible evolution of the moon in a context where the general history of the moon, let 106 

alone its age, is debated (see [Ida, 2019]).  107 

Based on 1D-reactive transport simulations conducted with the PHREEQC code 108 

([Parkhurst and Appelo, 2013]), [Zandanel et al., 2021] recently suggested short timescales 109 

for H2 generation, never exceeding 300 Myr at most. Their simulations supposed that olivine 110 

dissolution was the rate-limiting step of the serpentinization process (and therefore, of the 111 

associated production of H2) and relied on parameters taken from the literature for fluid flow, 112 

olivine grain size, core porosity and olivine dissolution kinetics. Regarding this latter point, 113 
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although the simulations were based on state-of-the-art dissolution kinetics parameters for the 114 

impact of e.g., pH or temperature, they were also based on rate laws derived from the 115 

transition state theory (TST). Whether such TST-based rate laws can be used to provide 116 

reliable estimates of the actual duration and intensity of fluid-mineral reactions in the field has 117 

been a source of lively debate in the geochemical community for over 40 years. Since the 118 

pioneering work of [Paces, 1983], a significant body of literature has demonstrated that such 119 

rate laws usually overestimate the reactivity of silicates in the field by several orders of 120 

magnitude (e.g. [Daval et al., 2018; K. Maher et al., 2004; Taylor and Blum, 1995; Velbel, 121 

1993; A. F. White et al., 1996; A. F. White and Brantley, 2003; Art F. White et al., 2017; Zhu, 122 

2005]). Such a well-known “field-lab discrepancy” is often bypassed in modeling exercises 123 

by decreasing the so-called “reactive” or “effective” surface area term by several orders of 124 

magnitude (e.g., [Aradóttir et al., 2012; Montes-H et al., 2005]). However, this strategy is not 125 

devoid of risks, because it does not account for the mechanistic origins of the “field-lab 126 

discrepancy”. With this in mind, one can wonder the extent to which the short timescales of 127 

molecular hydrogen generation by serpentinization reactions on Enceladus suggested in 128 

previous studies (e.g., [Zandanel et al., 2021]) could not originate from the use of TST-based 129 

rate laws, which do not account for the rate-controlling role exerted by the spontaneous 130 

modifications of reacted mineral surface features (e.g., etch pit nucleation or development of 131 

passivating layers), ultimately leading to underestimated timescales of serpentinization. 132 

Therefore, a detailed kinetic analysis is required to evaluate if the conclusions drawn in such 133 

previous studies may be a consequence of the assumptions they made to describe olivine 134 

dissolution kinetics. 135 

In that respect, the objective of the present paper is to widen the spectrum of this previous 136 

study by investigating extensively all the known alternative possible rate-limiting mechanisms 137 

(and correspondingly, alternative rate laws) governing fluid-rock interactions in conditions 138 
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relevant to Enceladus. A stepwise approach is described below, starting from the well-known 139 

‘lifetime diagram’ approach developed by [Olsen and Rimstidt, 2007]. We show that although 140 

this approach may seem incomplete (as it does not account for the impact of the Gibbs free 141 

energy of reaction with respect to olivine (or orthopyroxene) dissolution), practically, it 142 

actually describes the intrinsic reactivity of primary minerals following the same rates as 143 

reactive transport simulations where secondary phases are supposed to precipitate at 144 

equilibrium (as in the work of [Zandanel et al., 2021]). Then, based on assumptions consistent 145 

with the literature regarding the fluid chemistry of Enceladus, we screen alternative rate-146 

limiting mechanisms (and corresponding rate laws) such as the impact of (i) etch pit 147 

nucleation; (ii) surface layers; (iii) diffusion in nanoporous secondary assemblages; (iv) fluid 148 

flow. Importantly we restrict our analysis to fluid compositions buffered by mineral 149 

assemblages resulting from serpentinization reactions, as previously shown for high 150 

temperature experiments (T ≥ 120 °C) by e.g. [Hsu et al., 2015] or [Sekine et al., 2015]. We 151 

finally follow an inverse problem strategy to relate today’s H2 flux to the lifetime of primary 152 

Fe-bearing silicates. In a nutshell, this in-depth analysis confirms the initial estimates by 153 

[Zandanel et al., 2021] based solely on transition state-derived rate laws; the reasons for this 154 

rather unexpected agreement will be thoroughly discussed. 155 

The main assumptions of the present work can be summarized as follows: (i) the release 156 

of Fe from primary Fe-bearing silicates drives the rate of the whole process; (ii) (in 157 

connection with (i)) the fluid composition is supposed to be controlled by an equilibrium with 158 

respect to secondary phases consistent with the literature; (iii) reaction-induced cracking, 159 

which may occur during serpentinization because of the positive volume variation associated 160 

to serpentinization (e.g. [Klein and Le Roux, 2020] and references therein), is omitted, as it 161 

would result in a decrease of the lifetime of the dissolving Fe-bearing silicates and (iv) finally, 162 

for the sake of simplicity, the kinetic parameters related to the pure Mg endmembers forsterite 163 
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(Mg2SiO4) and enstatite (MgSiO3)  will be considered for the calculations, because of the lack 164 

of reliable dissolution kinetics studies of Fe-rich olivine and pyroxenes in the basic pH range. 165 

Notwithstanding, it is generally admitted that the reactivity of Fe-bearing olivine and 166 

pyroxene is greater than that of their magnesian counterparts (e.g. [Casey and Westrich, 1992; 167 

Daval et al., 2010]), ensuring that this choice does not artificially result in an underestimation 168 

of olivine and enstatite lifetimes (and associated timescales of H2 production). 169 

 170 

2. Far-from-equilibrium olivine and enstatite dissolution rates 171 

One of the simplest approaches to evaluate the duration of the dissolution of a given 172 

mineral is to consider that this mineral consists of spherical particles fully immersed in a large 173 

excess of water of homogeneous composition. In fact, considering a high ratio between the 174 

volume of water and the mass of mineral also corresponds to the shortest durations for the 175 

process, as it neglects the approach of the fluid towards close-to-equilibrium conditions, 176 

where the dissolution rate eventually drops to zero. 177 

To the best of our knowledge, such an approach has been initially developed by [Olsen 178 

and Rimstidt, 2007] in the context of the Martian surface to estimate the maximum contact 179 

times for olivine grains with water before they dissolve away completely. Applying such a 180 

reasoning to the context of Enceladus would not seem absurd, since the very low pressure in 181 

the core (~ 40 MPa) suggests it is highly porous (up to 20-30%) and permeable to liquid water 182 

[Choblet et al., 2017], so that it can be modeled as an aggregate of individual spherical 183 

particles representing the grains that make up the core. The core is assumed to have a 184 

chondritic composition with olivine, pyroxenes, native iron, and iron-nickel alloys being the 185 

main phases likely to contribute to H2 release during water-rock interaction [Holm et al., 186 

2015]. The corrosion rate of iron and iron alloys being orders of magnitude greater than the 187 
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dissolution rate of silicates (e.g., [Mundhenk et al., 2019]), these phases will not be considered 188 

in the kinetic treatment described below.  189 

[Olsen and Rimstidt, 2007] showed that the lifetime (t) of spherical grains can be 190 

modeled following: 191 

𝑡 =
𝑟𝑔𝑟𝑎𝑖𝑛

𝑉𝑖̅. 𝑅𝑖
 (5) 

where rgrain [cm] is the radius of the individual grains, 𝑉𝑖̅ and Ri are the molar volume 192 

[cm
3
/mol] and dissolution rate [mol/cm²/s] of mineral i (olivine or enstatite), respectively (see 193 

Appendix A for the full list of parameters used in the present study). The average size of 194 

chondrules in a collection of carbonaceous chondrites was found to be 74 µm in radius, 195 

ranging between 25 and 500 µm [Rubin, 1989]. Supposing that the size of chondrules is 196 

indicative of the mineral grain size, in the calculations detailed below, we propose to apply a 197 

two-fold factor on the lower and upper bounds of this distribution (i.e., grain sizes ranging 198 

from 10 µm to 1 mm radius) to make sure that we cover more than the entire range of 199 

expected grain sizes in a typical chondrite.  200 

In the basic pH range, the far-from-equilibrium dissolution rate laws of enstatite and 201 

olivine can be written: 202 

𝑅𝑖 = 𝑘0. exp(−𝐸𝑎 𝑅𝑇⁄ ) . (H+)𝑛 (6) 

where k0 [mol/cm²/s] is the dissolution rate constant, Ea [J/mol] is the activation energy, R is 203 

the gas constant [mol/J/K], T the temperature [K], (H
+
) is activity of protons and n the 204 

reaction order. The pH of Enceladus’ ocean was suggested to range between 9 and 11 ([C 205 

Glein et al., 2018; C R Glein et al., 2015]) and the temperature of downwelling fluids may 206 

range from ~ 0 °C at the seafloor to up to 200 °C at the core center ([C Glein et al., 2018; 207 

Sekine et al., 2015]). Using the rate parameters derived from [Rimstidt et al., 2012] for 208 

olivine, and [Palandri and Kharaka, 2004] for enstatite, the lifetime of olivine and enstatite 209 

crystallites can be estimated to range between a few days and a few Myrs (Fig. 1).  The 210 
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longest durations are obtained for the larger enstatite grains, the more alkaline pH and low 211 

temperatures. As a matter of fact, these values argue for very short durations of 212 

serpentinization in the rocky core of Enceladus –and correspondingly, to short timescales of 213 

hydrogen generation through this process (see Fig. 1 and Eq. (4)). 214 

  

  

Fig. 1. Estimated lifetime of olivine and enstatite grains at conditions relevant for fluid-rock interactions in 215 
Enceladus’ core following the approach of [Olsen and Rimstidt, 2007]. Top: Olivine lifetime, at pH 9 (left) and 216 
pH 10 (right). Bottom: Olivine lifetime at pH 11 (left); Enstatite lifetime at pH 9-11 (the pH-dependence of 217 
enstatite dissolution in basic conditions is not known but assumed to be not significant in most studies dedicated 218 
to pyroxene dissolution). 219 
 220 

In the next section, we explore how these rates are affected when more realistic fluid 221 

compositions are considered, so that the dependence of silicate dissolution rate on the Gibbs 222 

free energy of dissolution (∆G) can be accounted for. 223 

 224 
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3. Reactivity of olivine and enstatite in buffered solutions 225 

following rate equations based on transition state theory (TST) 226 

The mineral assemblages that control the composition of the fluids circulating in the 227 

Enceladus core are a matter of debate, and will remain an open question as long as sampling 228 

the corresponding fluids will remain out of reach. In the following subsections, we estimate 229 

the reactivity of olivine and enstatite for fluid compositions considering two possible fluid 230 

compositions suggested in [C Glein et al., 2018]. 231 

3.1. Fluid composition dictated by an equilibrium with Talc + Serpentine (Chrysotile) 232 

In order to evaluate whether the dissolution reaction takes place at far-from-equilibrium 233 

conditions, some constraints regarding the fluid composition are required to compute the 234 

Gibbs free energy of olivine and enstatite dissolution, which is the objective of the present 235 

section. Here we assume that the fluid composition is dictated by an equilibrium with talc 236 

(Tlc) and serpentine (chrysotile, Ctl), consistent with the first scenario described in [C Glein 237 

et al., 2018]. 238 

The chemical equation corresponding to chrysotile dissolution reads: 239 

Ctl + 6H+ = 2SiO2(aq) + 3Mg2+ + 5H2O (7) 

for which the associated equilibrium constant can be expressed following: 240 

𝐾𝐶𝑡𝑙
𝑇 =

(𝑀𝑔2+)𝑒𝑞
3 . (𝑆𝑖𝑂2(𝑎𝑞))𝑒𝑞

2

(𝐻+)𝑒𝑞
6  (8) 

Similarly, the chemical equation corresponding to talc dissolution reads: 241 

Tlc + 6H+ = 4SiO2(aq) + 3Mg2+ + 4H2O (9) 

for which the associated equilibrium constant can be expressed following: 242 

𝐾𝑇𝑙𝑐
𝑇 =

(𝑀𝑔2+)𝑒𝑞
3 . (𝑆𝑖𝑂2(𝑎𝑞))𝑒𝑞

4

(𝐻+)𝑒𝑞
6  (10) 

If one supposes that the fluid is at equilibrium at the same time with respect to talc and 243 

serpentine, then, Eq. (11) corresponding to (7) – (9) yields: 244 
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Ctl + 2SiO2(aq) = H2O + Tlc (11) 

for which the associated equilibrium constant can be expressed following: 245 

𝐾𝐶𝑡𝑙
𝑇

𝐾𝑇𝑙𝑐
𝑇 =

1

(𝑆𝑖𝑂2(𝑎𝑞))𝑒𝑞
2   (12a) 

This imposes the following condition for the activity of SiO2(aq) (note that we are considering 246 

SiO2(aq) here, and not all dissolved Si species (ΣSi), which is very different at basic pH): 247 

(𝑆𝑖𝑂2(𝑎𝑞))𝑒𝑞 = √
𝐾𝑇𝑙𝑐
𝑇

𝐾𝐶𝑡𝑙
𝑇  (12b) 

Substituting this value in e.g. Eq. (8) allows for the determination of the activity ratio between 248 

Mg
2+

 and H
+
 that verifies that the fluid is at equilibrium with respect to serpentine: 249 

𝐾𝐶𝑡𝑙
𝑇 2

𝐾𝑇𝑙𝑐
𝑇 =

(𝑀𝑔2+)𝑒𝑞
3

(𝐻+)𝑒𝑞
6  (13a) 

Obviously, this result would have been equivalent if Eq. (10) was used instead of Eq. (8), 250 

since the fluid is at equilibrium with respect to both chrysotile and talc. Therefore, (Mg
2+

)eq 251 

can be determined at any fixed pH value after re-arranging Eq.(13a):  252 

(𝑀𝑔2+)𝑒𝑞 = 10
(2 3⁄ )log(𝐾𝐶𝑡𝑙

𝑇 )−(1 3⁄ ) log(𝐾𝑇𝑙𝑐
𝑇 )−2𝑝𝐻 (13b) 

Finally, by combining Eqs. (12b) and (13b), one can demonstrate that if the solution is at 253 

equilibrium with respect to talc and chrysotile, this fixes the Gibbs free energy with respect to 254 

olivine dissolution (∆GFo) to a unique value, whatever the pH. This point is very important, as 255 

if one considers this mineral assemblage, there is no need to make any assumption about the 256 

pH of the fluid circulating in the rocky core: 257 

∆𝐺𝑓𝑜 = 𝑅𝑇. ln (
(𝑀𝑔2+)𝑒𝑞

2 . (𝑆𝑖𝑂2(𝑎𝑞))𝑒𝑞

𝐾𝐹𝑜(𝐻
+)𝑒𝑞
4 ) = 𝑅𝑇. ln (𝐾𝐶𝑡𝑙

𝑇 5/6
. 𝐾𝑇𝑐𝑙

𝑇 −1/6
. 𝐾𝐹𝑜

𝑇 −1) (14) 

The same holds true with respect to enstatite: 258 

∆𝐺𝑒𝑛𝑠 = 𝑅𝑇. ln (
(𝑀𝑔2+)𝑒𝑞 . (𝑆𝑖𝑂2(𝑎𝑞))𝑒𝑞

𝐾𝑒𝑛𝑠(𝐻
+)𝑒𝑞
2 ) = 𝑅𝑇. ln (𝐾𝐶𝑡𝑙

𝑇 1/6
. 𝐾𝑇𝑐𝑙

𝑇 1/6
. 𝐾𝐸𝑛𝑠

𝑇 −1
) (15) 
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The values of ∆Gfo and ∆Gens were calculated following Eq. (14) and (15) using the 259 

thermodynamic equilibrium constants tabulated in the database of the CHESS code ([van der 260 

Lee and De Windt, 2002]). The values of ∆G range between -15.5 and -10.4 kJ/mol for 261 

enstatite, and between -32.5 and -18.5 kJ/mol for forsterite for temperatures ranging between 262 

0 and 200 °C (Fig. 2a).  263 

In the conventional framework of mineral dissolution kinetics, silicate dissolution rates 264 

(Rsilicate) are supposed to obey the following TST-derived relation, which is implemented in 265 

classical reactive transport codes following (see [Eyring, 1935; A.C. Lasaga, 1981]): 266 

𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 = 𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑝𝐻,𝑇

. (1 − exp (
∆𝐺𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑅𝑇

)) (16) 

where 𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑝𝐻,𝑇

 corresponds to the dissolution rate constant of the considered silicate at given 267 

pH and T conditions. Practically, 𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑝𝐻,𝑇

 corresponds to the far-from-equilibrium dissolution 268 

rates determined in the previous section following Eq. (6). Using the values of ∆Gfo and ∆Gens 269 

calculated using Eq. (14) and (15), the 𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒/𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑝𝐻,𝑇

 ratio can be calculated to estimate 270 

how the distance from equilibrium affects the dissolution rates for a fluid composition 271 

dictated by an equilibrium with talc and chrysotile. As can be seen in Fig. 2b, the 𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒/272 

𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑝𝐻,𝑇

 ratio remains close to 1 for all temperatures. In other words, with the assumptions 273 

detailed in the present section, the attenuation of the dissolution rate due to approaching 274 

equilibrium is negligible if the dissolution rate laws are supposed to obey the transition state 275 

theory. 276 

 277 
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Fig. 2. (a) Gibbs free energy of reaction associated to forsterite and enstatite dissolution supposing that the fluid 278 
composition is dictated by an equilibrium with respect to talc + chrysotile. As can be seen, these values never 279 
exceed -10 kJ/mol, and remain below the expected value of the Gibbs free energy of etch pit nucleation on 280 
forsterite (green dashed line) and enstatite (black dashed line). See Section 4 for details regarding the energetics 281 
of etch pit nucleation. (b) Impact of the fluid composition on olivine and enstatite dissolution rates in the TST 282 
framework. As can be seen, the dissolution rates remain within 90% of their far-from-equilibrium values. 283 
 284 

3.2. Fluid composition dictated by an equilibrium with Talc + Calcite + Tremolite + 285 

Serpentine (Chrysotile) 286 

In their study, [C Glein et al., 2018] suggested that the composition of aqueous fluids 287 

circulating in the core of Enceladus may be further refined based on constraints on the 288 

suspected chlorinity and carbonate concentration of the ocean waters. They suggested that 289 

downwelling ocean waters bring their chlorinity and carbonate concentration in the rocky 290 

core, and included calcite (Cal) and tremolite (Tr) as additional saturating phases. Below, we 291 

show that such assumptions fix the activity of CO2(aq) and pH of the fluids. Then, we derive 292 

an expression for the activities of Mg
2+

 and SiO2(aq), making it possible to constrain the fluid 293 

composition and ultimately, the Gibbs free energy of forsterite and enstatite dissolution. 294 

First, [C Glein et al., 2018] proposed that the following equation buffers the activity of 295 

CO2(aq): 296 

3Tr + 2Ctl + 6CO2(aq) = 6Cal + 7Tlc (17) 

The corresponding equilibrium activity of CO2(aq) is therefore set by: 297 

(𝐶𝑂2(𝑎𝑞)) =
𝐾𝐶𝑎𝑙
𝑇 . 𝐾𝑇𝑙𝑐

𝑇 7/6

𝐾𝑇𝑟
𝑇 1/2. 𝐾𝐶𝑡𝑙

𝑇 1/3
 (18) 
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Note that all equilibrium constants are directly available in the thermodynamic database of 298 

CHESS, except for KCal, which can be calculated by combining the following equations: 299 

Cal + H+ = Ca2+ + HCO3
- (19) 

CO2(aq) + H2O = H+ + HCO3
- (20) 

which yields: 300 

Cal + 2H+ = CO2(aq) + H2O + Ca2+ (21) 

The corresponding equilibrium constant can then be calculated from the equilibrium constants 301 

associated with Eq. (20) and (21), which were retrieved from the thermodynamic database of 302 

CHESS: 303 

𝐾𝐶𝑎𝑙
𝑇 =

𝐾19
𝑇

𝐾20
𝑇  (22) 

Substituting 𝐾𝐶𝑎𝑙
𝑇  in Eq. (18) using Eq. (22) makes it possible to calculate the equilibrium 304 

activity of CO2(aq) for temperatures ranging between 0 and 200 °C (see Fig. 3a), which is 305 

required to ultimately calculate the pH of the downwelling waters. To reach this goal, the 306 

laws of mass action of the carbonate system can be combined, with a fixed constraint on the 307 

carbonate alkalinity. The law of mass action associated to Eq. (20) is: 308 

𝐾20
𝑇 =

(𝐻+)𝑒𝑞 . (𝐻𝐶𝑂3
−)𝑒𝑞

(𝐶𝑂2(𝑎𝑞))𝑒𝑞
 (23) 

The law of mass action associated to the protonation of carbonate species is: 309 

𝐾24
𝑇 =

(𝐻𝐶𝑂3
−)𝑒𝑞

(𝐻+)𝑒𝑞 . (𝐶𝑂3
2−)𝑒𝑞

 (24) 

Finally, [C Glein et al., 2018] recommended to use a total carbonate alkalinity of either 31 or 310 

56 meq/kg H2O inherited from the ocean (Cocean), depending on the ocean’s pH: 311 

[𝐻𝐶𝑂3
−] + 2[𝐶𝑂3

2−] = 𝐶𝑜𝑐𝑒𝑎𝑛 (25) 

Combining Eqs. (23-25) makes it possible to derive an equation to estimate [HCO3
-
]: 312 

2𝛾𝐻𝐶𝑂3
2

𝐾20
𝑇 . 𝐾24

𝑇 . 𝛾𝐶𝑂3. (𝐶𝑂2(𝑎𝑞))𝑒𝑞
[𝐻𝐶𝑂3

−]2 + [𝐻𝐶𝑂3
−] − 𝐶𝑜𝑐𝑒𝑎𝑛 = 0 (26) 
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For which the solution is: 313 

[𝐻𝐶𝑂3
−] = (

𝐾20
𝑇 . 𝐾24

𝑇 . 𝛾𝐶𝑂3. (𝐶𝑂2(𝑎𝑞))

4𝛾𝐻𝐶𝑂3
2

)(−1 + √1 +
8. 𝛾𝐻𝐶𝑂3

2. 𝐶𝑜𝑐𝑒𝑎𝑛

𝐾20
𝑇 . 𝐾24

𝑇 . 𝛾𝐶𝑂3(𝐶𝑂2(𝑎𝑞))
) (27) 

For temperatures ranging between 0 and 200 °C, the values of [HCO3
-
] that satisfy this 314 

equation are shown in Fig. 3b, supposing an ionic strength fixed to 0.13 molal (here 315 

corresponding to [Cl
-
] = 0.1 M and carbonate alkalinity of 0.03 M).  316 

Finally, re-arranging Eq. (23) allows for the calculation of pH following Eq. (28), where 317 

the values of (CO2(aq)) and [HCO3
-
] were calculated using respectively Eq. (18) and Eq. (27) 318 

(see Fig. 3a-b): 319 

pH = log(𝛾𝐻 . [𝐻𝐶𝑂3
−]) − log𝐾20

𝑇 − log((𝐶𝑂2(𝑎𝑞))𝑒𝑞) (28) 

As can be seen in Fig. (3c), the pH of the circulating fluids ranges between 12.0 and 8.7 for 320 

temperatures ranging between 0 and 200 °C. 321 

Finally, because the fluid is in equilibrium with talc and chrysotile, the equilibrium 322 

activity of SiO2(aq) is simply set by Eq. (12b), and that of Mg
2+

 can ultimately be calculated 323 

by re-arranging Eq. (10): 324 

(𝑀𝑔2+)𝑒𝑞 = (
𝐾𝑇𝑙𝑐
𝑇 . (𝐻+)𝑒𝑞

6

(𝑆𝑖𝑂2(𝑎𝑞))𝑒𝑞
4 )

1/3

 (29) 

where (SiO2(aq))eq and (H
+
)eq are calculated using Eq. (8b) and (28), respectively. As the 325 

values of (SiO2(aq))eq , (Mg
2+

)eq and (H
+
)eq are all fixed, ∆GFo and ∆GEns can be calculated. 326 

The lifetimes of olivine and enstatite were then calculated by combining Eq. (5) and (16), and 327 

are represented in Fig. 3d. Again, the mineral assemblage dictating the fluid composition in 328 

this configuration results in far-from-equilibrium conditions with respect to forsterite and 329 

enstatite, if one considers that the dissolution rate laws of those mineral observe the transition 330 

state theory, thus resulting in short lifetimes, as in the previous Section.  331 
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Fig. 3. Main modeling results resulting from the assumption that the composition of the fluid circulating in the 332 
core of Enceladus is dictated by an equilibrium with Talc + Calcite + Tremolite + Chrysotile. The plots display 333 
the evolution of (a) the activity of CO2(aq), (b) [HCO3

-], (c) pH and (d) the estimated lifetimes of forsterite and 334 
enstatite as a function of the temperature (which can be used as a proxy for the depth within the core). The 335 
lifetime of silicates is less than 15 Myr for the conditions relevant to Enceladus.  336 

 337 

Overall, supposing that the fluid chemistry is dictated by pre-determined saturating 338 

phases typical of serpentinization reactions (as suggested in, e.g., [C Glein et al., 2018; 339 

Zandanel et al., 2021] and references therein) virtually corresponds to far-from-equilibrium 340 

dissolution conditions if one considers the rate-∆G relation resulting from the transition state 341 

theory, which is implemented in most reactive transport codes. As a consequence, and in spite 342 

of the simplistic calculations conducted in Section 2, the conclusions remain unchanged, and 343 

such calculations already provide a rather good picture of the mineral reactivity modeled 344 

using classical reactive transport codes simulating permanent fluid-rock contact. This results 345 

directly stems from the implementation of TST-based rate laws in reactive transport models. 346 

In the next section, we explore the extent to which alternative rate laws that were not 347 
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developed within the framework of the transition state theory would modify the expected 348 

timespan of serpentinization in the context of Enceladus. 349 

 350 

4. Reactivity of olivine and enstatite controlled by etch pit 351 

nucleation 352 

It has long been argued that laboratory-derived dissolution rate laws overestimate the 353 

actual rates of mineral dissolution in the field by up to several orders of magnitude (see [K. 354 

Maher et al., 2004; Paces, 1983; Velbel, 1993; A. F. White and Brantley, 2003; Art F. White 355 

et al., 2017] and references therein). As a consequence, one can wonder whether the short 356 

lifetimes determined above could only be another illustration of such a well-known 357 

discrepancy existing between field-derived and laboratory-derived estimates.  358 

The pioneering work of [Antonio C. Lasaga and Blum, 1986] expanded later by [Antonio 359 

C. Lasaga and Luttge, 2001] suggested that the nucleation of etch pits at screw dislocation 360 

outcrop could play a critical role in the kinetics of mineral dissolution, resulting in rate-∆G 361 

relations that radically deviate from TST-based rate laws (Eq. (16)). Several studies later 362 

demonstrated that the use of such alternative dissolution rate laws decrease modeled mineral 363 

dissolution rates, which ultimately results in a better agreement between the outputs of 364 

simulations and field estimates (e.g., [K. Maher et al., 2009; Jacques Schott et al., 2012; Wild 365 

et al., 2019] and references therein). The present section aims at evaluating the consequence 366 

of the use of such an alternative conceptual framework. 367 

The model developed by [Antonio C. Lasaga and Luttge, 2001] is based on the following 368 

concept: at far-from-equilibrium conditions, the nucleation of etch pits at line defects surface 369 

is spontaneous. The pit walls then represent a continuous source of steps which travel 370 

throughout the crystal surface, eventually leading to its overall retreat (dissolution). 371 

Conversely, if the energetic threshold to nucleate etch pits (often referred to as the critical free 372 
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energy of etch pit nucleation, or ∆G
crit

) is exceeded, etch pit nucleation at dislocation outcrops 373 

is no longer spontaneous, and the dissolution is essentially driven by point defects and 374 

dissolution on pre-existing corners and edges at a much slower rate. This results in two very 375 

distinct dissolution regimes, for which the dissolution rate at ∆G < ∆G
crit

 may be up to two to 376 

three orders of magnitude greater than the rate at ∆G > ∆G
crit

. The direct observation of a 377 

dramatic drop of the dissolution rate associated to mineral surfaces free of etch pits has been 378 

well documented for many minerals including albite ([Arvidson and Luttge, 2010; Beig and 379 

Luttge, 2006]), K-spar ([Pollet-Villard et al., 2016]) and calcite ([Bouissonnié et al., 2018]), 380 

and may be universal, although to the best of our knowledge, it has not been verified directly 381 

for olivine and enstatite. However, [Antonio C. Lasaga and Blum, 1986] provided a 382 

theoretical relation that can be used to calculate ∆G
crit

 for etch pit nucleating at screw 383 

dislocation for any mineral: 384 

∆𝐺𝑐𝑟𝑖𝑡 =
−2𝑉̅𝜋2𝜎𝑠

2

𝜇𝑏2
 (30) 

where σ [J/m²] is the surface free energy, 𝑉̅ [mol/m
3
] is the molar volume, µ [J/m

3
] is the bulk 385 

shear modulus and b [m] is the length of the Burgers vector of the dislocation. Whereas the 386 

values of 𝑉̅ and µ are well known for forsterite and enstatite, the values of σ and b that should 387 

be considered are less well constrained. As discussed at length in [Pollet-Villard et al., 2016], 388 

the surface energy is not unique, and depends on the crystallographic face that is considered. 389 

On the same footing, several Burgers vectors exist for a given crystal structure. As a 390 

consequence we will only consider here, as a first approximation, the combination of b and σ 391 

values which result in the lowest ∆G
crit

 estimates reported in [Antonio C. Lasaga and Blum, 392 

1986], ensuring that we do not artificially force olivine and enstatite reactivity to occur in the 393 

fastest dissolution regime. As shown in [Antonio C. Lasaga and Blum, 1986], the lowest 394 

expected value of ∆G
crit

 is -12.0 kJ/mol for forsterite, and -7.5 kJ/mol for enstatite. Such 395 

values remain above the Gibbs free energy values determined in Section 3 (see Fig. 2). As a 396 
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consequence, etch pit nucleation should remain spontaneous in the conditions of fluid-rock 397 

interactions in the Enceladus’ core, corresponding to the far-from-equilibrium dissolution 398 

regime already described in Sections 2 and 3. Stated in other words, considering that the 399 

reactivity of olivine and enstatite is driven by etch pit nucleation does not modify the 400 

expected lifetime of these minerals and the associated timespan of hydrogen generation if one 401 

supposes permanent fluid-rock contact in Enceladus’ core. 402 

 403 

5. Reactivity of olivine and enstatite controlled by amorphous 404 

silica rich surface layers (ASSLs) 405 

As mentioned above, knowledge of a systematic kinetic ‘field-lab discrepancy’ has 406 

fostered the search for alternative reaction mechanisms and corresponding rate laws that 407 

deviate from the simple TST-based rate equations. More specifically, it has been previously 408 

shown that the surface of weathered olivines and pyroxenes spontaneously evolves towards a 409 

configuration with a lesser reactivity. This process is often referred to as “surface aging” 410 

[Eggleston et al., 1989]. The formation of nm-thick amorphous layers enriched in silica that 411 

cover the pristine surface of the dissolving substrate as a result of their incongruent 412 

dissolution represents one of such aging mechanisms. Such layers are known to have a much 413 

lower reactivity than the underlying surface, and the evolution of their transport properties 414 

may gradually isolate the dissolving pristine substrate. This mechanism has been clearly 415 

demonstrated for olivine ([Bearat et al., 2006; Daval et al., 2011; Johnson et al., 2014; Kate 416 

Maher et al., 2016]) and pyroxenes ([Daval et al., 2013; J. Schott and Berner, 1983]) in the 417 

acidic pH range. Whether such a mechanism also applies in the basic pH range remains an 418 

open question. Whereas the formation of ASSLs in the basic pH range has been well 419 

documented for the weathering of borosilicate glasses (e.g., [Stephane Gin et al., 2020; S. Gin 420 

et al., 2017]), very few studies have investigated the chemical composition at the nm-scale of 421 
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the near-surface region of dissolved olivine and pyroxenes in the basic pH range. Worthy of 422 

note, the spectroscopic characterizations of the surface composition of altered olivine 423 

performed by [Pokrovsky and Schott, 2000] suggested that ~2 nm-thick ASSLs could be 424 

evidenced up to a pH of ~ 9. Therefore, we believe that determining the lifetime of olivine 425 

and enstatite for a dissolution regime controlled by the formation of ASSLs may be worth 426 

considering. 427 

In appearance, for silicate minerals passivated by ASSLs, the driving force of the reaction 428 

is determined by the thermodynamic properties of ASSLs, such that the chemical affinity that 429 

should be considered for the dissolution reaction has to be defined with respect to the surface 430 

layers themselves. This results in the following rate equation (e.g. [Daval et al., 2013; Daval 431 

et al., 2011]): 432 

𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 = 𝑘𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑝𝐻,𝑇

. (1 − exp (
∆𝐺𝑆𝑖𝑂2
𝑅𝑇

)) (31) 

where ∆GSiO2 represents the Gibbs free energy with respect to a Si-rich surface layer with an 433 

apparent solubility close to SiO2(am) for olivine ([Daval et al., 2011]), or cristobalite-α for 434 

pyroxene ([Daval et al., 2013]). Following the calculations detailed in Section 3, the activity 435 

of SiO2(aq) is fixed by the equilibrium between talc and chrysotile. Then Eq. (12b) makes it 436 

possible to calculate ∆𝐺𝑆𝑖𝑂2 at any T following: 437 

∆𝐺𝑆𝑖𝑂2 = 𝑅𝑇. ln

(

 
√𝐾𝑇𝑙𝑐

𝑇 𝐾𝐶𝑡𝑙
𝑇⁄

𝐾𝑆𝑖𝑂2
𝑇

)

  (32) 

where 𝐾𝑆𝑖𝑂2
𝑇  stands for the solubility constant of the ASSL, which may range between that of 438 

SiO2(am) and cristobalite-α. Using the value of ∆𝐺𝑆𝑖𝑂2 calculated with Eq. (32) and shown in 439 

Fig. 4a, the 𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒/𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑝𝐻,𝑇

 ratio was calculated to estimate how accounting for the 440 

formation of ASSLs may impact the dissolution rate. As can be seen in Fig. 4b, the 𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒/441 

𝑅𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑝𝐻,𝑇

 ratio remains close to 1 for all temperatures. Stated in other words, even under the 442 
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hypothesis that ASSLs control olivine and pyroxenes dissolution at pH up to 11-12, the 443 

solution composition corresponds to fluid highly undersaturated with respect to ASSLs if one 444 

assumes that the fluid is buffered by the mineral assemblages proposed by [C Glein et al., 445 

2018]. As a consequence, the mechanisms explored in the present section lead to lifetimes of 446 

enstatite and olivine as short as those estimated in Sections 2 and 3. 447 

  

Fig. 4. (a) Gibbs free energy of reaction associated to SiO2(am) and cristobalite-α  dissolution (considered as 448 
proxies for the solubility of ASSLs formed on olivine and enstatite, respectively), supposing that the fluid 449 
composition is dictated by an equilibrium with respect to talc + chrysotile or talc + calcite + tremolite + 450 
chrysotile. (b) Impact of the fluid composition on olivine and enstatite dissolution rates for a dissolution process 451 
controlled by the formation of ASSLs. As can be seen, the dissolution rates remain within 95% of their far-from-452 
equilibrium values. 453 
 454 

6. Transport-controlled serpentinization timespans  455 

In the previous sections, it was assumed that the rate-limiting step of the serpentinization 456 

reaction was the dissolution of the considered silicate, supposed to be surface-controlled. 457 

Although it has been suggested for over 40 years that the weathering of silicates on Earth was 458 

actually surface-controlled (e.g., [Berner et al., 1980]), we propose here to evaluate the 459 

timespans of serpentinization for reaction regimes that would be hypothetically transport-460 

limited, in order to see whether this would significantly extend the expected timespan of 461 

serpentinization. 462 

6.1. Dissolution rates controlled by sluggish diffusion in nanoporous media 463 

There is significant evidence to suggest that replacement reactions – to which 464 

serpentinization reactions may be assimilated – occur through an interface-coupled 465 
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dissolution-precipitation mechanism rather than solid-state diffusion ([Plumper et al., 2012; 466 

Putnis, 2009]). Depending on whether the reaction is isovolumetric or not, serpentinization 467 

may either result in pseudomorphic replacement or grain fracturing. Whatever the case, a 468 

permanent contact between the bulk fluid and the primary silicate interface must be 469 

maintained for the reaction to proceed. Several studies suggest that this mass transfer may 470 

occur through the nanoporosity generated in the reaction products ([Cailleteau et al., 2008; 471 

Daval et al., 2017; Daval et al., 2009; Plümper et al., 2017]). The diffusivity of such 472 

secondary assemblages is very poorly constrained, and the transport of dissolved species 473 

might even not follow simple Fickian diffusion ([Stéphane Gin et al., 2018; Plümper et al., 474 

2017]). The few studies that were intended to characterize nanoporous media in terms of their 475 

diffusivity argue for a large range of possible diffusion coefficient values. For instance, 476 

molecular dynamics simulations performed by [Bourg and Steefel, 2012] suggest that as long 477 

as the pore dimensions remain larger than 2 nm, water keeps its bulklike properties, and the 478 

diffusion coefficients of aqueous species in nanopores remain similar to their counterparts in 479 

bulk water (~2×10
-5

 cm²/s at 25 °C). Conversely, direct attempts to estimate the diffusivity of 480 

nm- to µm-thick secondary coatings through the use of conservative tracers showed that it 481 

could range between 10
-10

 to 10
-17

 cm²/s at 25 °C [Daval et al., 2017]. 482 

[Daval et al., 2011] suggested that the diffusivity of surface layers formed on olivine may 483 

be as low as 5×10
-18

 cm²/s at 90 °C. This latter value will be used to run the calculations 484 

below, although it may be considered as a lower bound, as it corresponds to the diffusivity in 485 

the putative porosity of an ASSL, which is unlikely to be stable in the conditions relevant to 486 

the serpentinization of Enceladus’ core (see Section 5). More likely, the secondary coatings 487 

should be made of an assemblage of nm- to µm-scale crystallites, whose diffusivity was 488 

previously demonstrated to be much higher than that of ASSLs (see [Saldi et al., 2015] for 489 

details). 490 
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The diffusion-controlled lifetime of a grain of olivine or enstatite can be approximated 491 

following: 492 

𝑡 ≈
𝑟𝑔𝑟𝑎𝑖𝑛²

𝐷𝑇
=

𝑟𝑔𝑟𝑎𝑖𝑛²

𝐷0. exp⁡(−𝐸𝑎,𝑑𝑖𝑓𝑓 𝑅𝑇)⁄
 (33) 

where DT [cm²/s] is the diffusion coefficient of aqueous species in the nanoporous medium at 493 

the considered temperature, D0 [cm²/s] is the intrinsic diffusion constant, and 𝐸𝑎,𝑑𝑖𝑓𝑓is the 494 

corresponding activation energy. To the best of our knowledge, the value of this latter 495 

parameter has never been determined in previous studies, but should be similar to that of 496 

water self-diffusion (~10 kJ/mol). In their study, [Rotenberg et al., 2007] calculated that the 497 

activation energy of the exchange of water and ions between clay interlayers and 498 

microporosity (≤ 2 nm) ranged between ~0 and ~23 kJ/mol for cations and anions, 499 

respectively. Considering this process as a reasonable analogue of the migrations of ions in 500 

the clayey coatings covering olivine grains, we set  𝐸𝑎,𝑑𝑖𝑓𝑓 = 15 kJ/mol in the calculations. 501 

Considering grain sizes comprised between 10 µm and 1 mm in radius (see Section 2) results 502 

in lifetimes ranging between ~ 2000 years and 326 Myr (Fig. 5). Such estimates are about two 503 

orders of magnitude larger than the longest durations derived from Section 2 assuming 504 

surface-controlled rates, although they remain relatively short at geological timescales (and 505 

likely overestimate the actual duration of the process, as lower bounds of diffusion 506 

coefficients were considered). 507 
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 508 

Fig. 5. Lifetime of enstatite and olivine as a function of temperature for a process controlled by diffusion in the 509 
nanoporosity of secondary coatings covering the reacted grains. 510 

 511 

6.2. Serpentinization rates controlled by slow fluid velocities in Enceladus’ core 512 

Serpentinization reactions are known to consume water. This aspect may become rate-513 

limiting if the dissolution of olivine in the core occurs faster than the supply of water from the 514 

ocean, which is a likely configuration, as fluid velocity may be as low as 1 cm/yr in the core 515 

([Choblet et al., 2017]). To test this scenario, let us imagine that (i) downwelling waters are 516 

gradually percolating through the initially fluid-saturated porosity of the core and (ii) 517 

serpentinization occurs as soon as water contacts olivine (consistent with the assumption that 518 

serpentinization is fast compared to water supply). In the following, we consider that the 519 

rocky core is initially entirely made up of fluid-saturated pores and olivine. 520 

As shown in Section 2, the lifetime of olivine in a water-saturated environment never 521 

exceeds 200 kyrs at conditions relevant for fluid-rock interactions in the Enceladus’ core (see 522 

Fig. 1). After the consumption of the initial amount of water that was filling up the pores, the 523 

proportion of olivine in the core that will remain to be altered through water circulation 524 

corresponds to 1 − 𝛷 −⁡𝑄𝑑𝛷, where 𝛷 is the porosity and Qd is a parameter that accounts for 525 

the water to olivine molar ratio requested to complete the serpentinization reaction (Y), as 526 
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well as the discrepancies between the molar volumes of olivine and water. This parameter can 527 

therefore be expressed following: 528 

𝑄𝑑 =
𝑉̅𝑜𝑙

𝑉̅𝑤𝑎𝑡𝑒𝑟 . 𝑌
 (34) 

In the above equation, 𝑉̅𝑜𝑙 and 𝑉̅𝑤𝑎𝑡𝑒𝑟 are the molar volumes of olivine (45 cm
3
/mol) and 529 

water (18 cm
3
/mol), respectively. The water to olivine molar ratio requested to complete the 530 

reaction is given by the stoichiometric coefficient of water in the corresponding 531 

serpentinization reaction Y (e.g., (2-2x/3) in Eq. (3)). Several values can be found in the 532 

literature for Y (e.g. [Malvoisin et al., 2012] and references therein) depending on the nature 533 

of the secondary phases and iron content in olivine, and are tested below (Fig. 6). 534 

For a fully connected porous medium, the longest lifetime of olivine corresponds to 535 

the time required for water to reach the center of the core. This duration is proportional to the 536 

ratio between the remaining volume of olivine to be serpentinized before fluid circulation to 537 

the volume of pores, accounting for the Qd factor described above: 538 

𝑡 =
𝑟𝑐𝑜𝑟𝑒
𝜐
(
1 − 𝛷 −⁡𝑄𝑑𝛷

𝑄𝑑𝛷
) =

𝑟𝑐𝑜𝑟𝑒
𝜐
(
𝑉̅𝑤𝑎𝑡𝑒𝑟 . 𝑌. (1 − 𝛷)

𝑉̅𝑜𝑙𝛷
− 1) (35) 

where 𝑟𝑐𝑜𝑟𝑒 [cm] is the radius of the core (1.9×10
7
 cm) and 𝜐 [cm/yr] the fluid velocity. We 539 

stress that, in the above equation, the temporal decrease of porosity due to the positive 540 

difference of molar volumes between the solid products and reactants, which can range 541 

between ~ +20% and ~ +50%, is neglected. Instead, we calculated t for 𝛷 ranging between its 542 

upper bound (~ 30%) and its lower bound (~ 2%), the latter corresponding to the residual 543 

porosity expected after the full serpentinization of the core using an initial porosity of  ~30% 544 

and the prescribed value of volume increase of ~ +40% proposed in the recent work of [Klein 545 

and Le Roux, 2020]. Note that without the presence of organics, such a low value of porosity 546 

is difficult to reconcile with the estimated density of the satellite’s core [McKinnon, 2015]. 547 

Finally, [Mason, 1963] showed that the value of x for olivine in chondrites can range from 548 
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~0.28 to ~0.62. Considering the slowest fluid velocity suggested by [Choblet et al., 2017], the 549 

lifetime of serpentinization ranges between < 1 Myr and ~ 500 Myr, depending on the 550 

porosity, the Fe content in olivine and chemical reaction considered (Fig. 6). Note that these 551 

values are in excellent agreement with the outputs of 1D-reactive transport simulations of 552 

[Zandanel et al., 2021] conducted with a similar set of input parameters for fluid flow rate and 553 

core porosity. Therefore, this result independently confirms that the rate-limiting step in their 554 

corresponding simulations is the water supply, consistent with the sharp serpentinization 555 

fronts reported in their Fig. 3. Importantly, such results directly stem from the intrinsically 556 

high dissolution rate of olivine (relative to fluid velocity), which itself is a consequence of a 557 

fluid composition that is locked at far-from-equilibrium conditions (see Sections 3 and 4). 558 

 559 

 560 

Fig. 6. Lifetime of olivine (and therefore, production of molecular H2) for a process controlled by slow fluid 561 
velocity in Enceladus’ core. The x parameter refers to the Fe content in olivine as reported in Eq. (1). Two 562 
different olivine alteration reactions have been tested, namely (i) a reaction where the secondary phases are Fe-563 
free serpentine, Fe-free brucite, magnetite and SiO2(am): Ol + (1.5-1.25x/3)H2O  = (0.5-0.25x) Sp + (0.5-0.25x) 564 
Brc + (x/3) Mt + (x/2) SiO2(am) + (x/3)H2; (ii) Eq. (2) from [Malvoisin et al., 2012], where the secondary phases 565 
are supposed to be Fe-free serpentine, Fe-free brucite and magnetite, i.e.: Ol + (1.5-2x/3) H2O  = 0.5 Sp + (0.5-x) 566 
Brc + (x/3) Mt + (x/3) H2. Note that if reactions involving the serpentine-talc buffer are considered, e.g.: Ol + 567 
(1.5-2x/3) H2O + 0.5 Sp  = (2-x) Mg2+ + (4-2x) OH- + 0.5 Tlc + (x/3) Mt + (x/3) H2, the stoichiometric 568 
coefficient of water is the same as the one found in in the equation proposed by [Malvoisin et al., 2012], so that 569 
the estimated olivine lifetime remains unchanged. 570 
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Overall, considering a serpentinization regime that is controlled either by the water 572 

velocity in the core of Enceladus or by aqueous diffusion in nanoporous secondary minerals 573 

provides serpentinization timespans that are at least two orders or magnitude greater than 574 

those estimated for surface-controlled reactions. Nonetheless, these results suggest that 575 

hydrothermal activity in the core developed only recently and no earlier than 500 Myr ago, in 576 

agreement with the results of [Zandanel et al., 2021]. 577 

 578 

7. Using Cassini spacecraft data to infer the onset and timescales 579 

of serpentinization on Enceladus 580 

The present section aims at evaluating the rate parameters that would be required to 581 

match the measurements of the Cassini spacecraft, supposing that olivine dissolution is either 582 

(i) surface-controlled (section 7.1) or (ii) diffusion-controlled (section 7.2). For each scenario, 583 

we briefly discuss the physical acceptability of the range of values resulting from such a 584 

treatment. 585 

7.1. Effective size of silicate aggregates in Enceladus’ core 586 

In the present section, we estimate the effective size that individual aggregates of Fe-587 

bearing silicates would have to match the flux of hydrogen (FH2; [mol/s]) measured from the 588 

plume gas by the Cassini spacecraft (cf. [Waite et al., 2017]). In that respect, a shrinking 589 

sphere model of the aggregates that make up Enceladus’ core is described below. It is 590 

supposed that the core is made of a close-packing of equal spherical and non-porous 591 

aggregates. Therefore, all porosity is located outside the aggregates, and amounts 26% due to 592 

the specific geometric configuration that has been chosen. We suppose that that the 593 

dissolution of primary Fe-bearing silicates is the rate-limiting step of H2 generation. 594 

First, for given physicochemical conditions, the radial dissolution rate [cm/s] of an 595 

aggregate can be derived from Eq. (5): 596 
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𝑑𝑟𝑎𝑔𝑔

𝑑𝑡
= −𝑉𝑖̅. 𝑅𝑖 (36) 

The negative sign of the derivative ensures that the aggregates shrink with time. Integrating 597 

Eq. (36) makes it possible to calculate the evolution the radius of a mineral aggregate as a 598 

function of time: 599 

𝑟(𝑡)𝑎𝑔𝑔 = 𝑟(𝑡 = 0)𝑎𝑔𝑔 − 𝑉̅𝑖 . 𝑅𝑖 . 𝑡 (37) 

The surface area of each individual aggregate is given by: 600 

𝑆(𝑡)𝑎𝑔𝑔 = 4𝜋. 𝑟(𝑡)𝑎𝑔𝑔
2 (38) 

Recalling that the volume of Enceladus’core can be written following: 601 

𝑉0 = (4𝜋 3⁄ ). 𝑟𝑐𝑜𝑟𝑒
3  (39) 

This parameter can be related to the volume of individual aggregates (Vagg) that make up the 602 

core following: 603 

𝛷 =
𝑉0 −𝑁𝑎𝑔𝑔𝑉𝑎𝑔𝑔

𝑉0
= 1 − 𝑁𝑎𝑔𝑔

𝑟(𝑡 = 0)𝑎𝑔𝑔
3

𝑟0
3  (40) 

where Φ is the porosity, Nagg is the number of aggregates, and ragg their radius. Therefore, the 604 

total number of aggregates can be calculated following: 605 

𝑁𝑎𝑔𝑔 = (1 − 𝛷)
𝑟0
3

𝑟(𝑡 = 0)𝑎𝑔𝑔
3 (41) 

Expressing the total surface area of the aggregates (STOT) as a function of the surface area of 606 

individual spherical aggregates and replacing Nagg by its expression taken from Eq. (41) 607 

yields: 608 

𝑆(𝑡)𝑇𝑂𝑇 = 𝑁𝑎𝑔𝑔. 4𝜋. 𝑟(𝑡)𝑎𝑔𝑔
2 = (1 − 𝛷). 4𝜋.

𝑟0
3

𝑟(𝑡 = 0)𝑎𝑔𝑔
3 . 𝑟(𝑡)𝑎𝑔𝑔

2 (42) 

If the core is now decomposed into n concentric spherical shells, then the surface area of the 609 

aggregates located in each infinitesimal shell j can be expressed following: 610 

𝑆(𝑡)𝑇𝑂𝑇,𝑗 =
(1 − 𝛷)

𝑟(𝑡 = 0)𝑎𝑔𝑔
3 (𝑟𝑗−1

3 − 𝑟𝑗
3)4𝜋. 𝑟(𝑡)𝑎𝑔𝑔

2 (43) 
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Finally, if one supposes that the flux of hydrogen (F(t)H2; [mol/s]) measured from the plume 611 

gas by the Cassini spacecraft chiefly results from the chemical equations (3) or (4), the flux of 612 

H2 resulting from the release and oxidation of Fe
2+

 can be written following: 613 

𝐹(𝑡)𝐻2 = (𝑥 3⁄ ).∑𝑅𝑖,𝑗 . 𝑆(𝑡)𝑇𝑂𝑇,𝑗

𝑛

𝑗=1

 
(44) 

where 𝑅𝑖,𝑗 is the dissolution rate at the temperature in the j
th

 infinitesimal shell. It is supposed 614 

that the temperature of the core observes a linear gradient ranging between 0 °C at the 615 

interface with the ocean and 200 °C at the center of the core. Combing Eq. (43) with Eq. (44) 616 

yields: 617 

𝐹(𝑡)𝐻2 =
4𝜋. (1 − 𝛷). (𝑥 3⁄ )

𝑟(𝑡 = 0)𝑎𝑔𝑔
3 ∑𝑅𝑖,𝑗 . (𝑟𝑗−1

3 − 𝑟𝑗
3).

𝑛

𝑗=1

(𝑟(𝑡 = 0)𝑎𝑔𝑔 − 𝑉̅𝑖 . 𝑅𝑖,𝑗 . 𝑡)
2

 (45) 

Practically, the shrinking rate of the aggregate will be controlled by the dissolution rate of the 618 

mineral with the slowest dissolution rate, i.e., orthopyroxene (see Section 2). The calculations 619 

below will therefore be conducted using Renstatite as the dissolution rate, supposing a 620 

composition of En50 (x = 0.5). We suppose that the porosity of the core at the formation of 621 

Enceladus is identical to today’s porosity (i.e., 26%). This value may be considered as an 622 

upper bound, since the variation of molar volume associated to serpentinization is usually 623 

positive. Worthy of note, changing the initial porosity would not drastically change the results 624 

of simulations. The evolution of FH2 is reported in Fig. 7 for timescales of H2 production that 625 

are compatible with the estimations of today’s flux measured by the Cassini spacecraft and 626 

the age suspected for Enceladus (here, between 100 Myr and 4.5 Gyr, the former value 627 

corresponding to the controversial young age of formation proposed by e.g. [Ćuk et al., 628 

2016]). Such constraints require the aggregates to be on the order of 1 cm in radius for an age 629 

of 100 Myr, and between 1 and 5 m for an age of 4.5 Gyr. Very importantly, aggregate sizes 630 

on the order of decimeters or even more do not make any sense in classical reactive transport 631 

simulations. Usually, the grain size is supposed to be close to that of crystallites, i.e., up to 632 
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one millimeter or so in our case. Assuming that the aggregate size is within the 633 

abovementioned range actually refers to fluid flow in a fractured medium, and not in a 634 

homogeneous porous medium. In addition, such estimates are at odds with the aggregate size 635 

required to support the tidal heating model developed in [Choblet et al., 2017]. One could also 636 

conceive that the hydrothermal activity presently suspected in Enceladus is much more recent 637 

than the moon itself: more reasonable aggregate sizes provide lifetimes of about 1 Myr (0.1 638 

mm) or 10 Myr (1 mm). We note however that the slopes of the observed curves for such 639 

grain sizes are extremely steep in the region corresponding to the value of FH2 expected for 640 

Enceladus at present, which would imply the unlikely notion that the Cassini spacecraft 641 

witnessed an exceptional instant for the moon.  642 

As a consequence, and in agreement with all of the scenarios mentioned above, (i) either 643 

hydrothermal circulation and subsequent core serpentinization are very recent and the present 644 

time is a very unusual period for Enceladus’ activity or (ii) serpentinization is not the main 645 

source of H2 on Enceladus. 646 

 647 

 648 
Fig. 7. Estimated flux of molecular hydrogen resulting from the oxidation of Fe2+ released through enstatite 649 
dissolution for grain/aggregate radii ranging between 0.1 mm and 5 m. The zone located between the green 650 
dashed lines indicates today’s flux of hydrogen as inferred from the measurements realized by the Cassini 651 
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spacecraft. The vertical dashed lines delineate the possible age of Enceladus, ranging between 100 Myr 652 
following the controversial estimation of [Cuk et al., 2016], and 4.5 Gyr. 653 
 654 

7.2. Effective diffusivity of surface layers developed on silicate grains 655 

Here we suppose that the rate of H2 generation is controlled by the slow diffusion of 656 

reactants across the nanoporosity of coatings covering the primary silicates that make up 657 

Enceladus core (cf. Section 6.1 for details). The present section aims at estimating the 658 

diffusion coefficient that would be required to match today’s H2 flux measured by the Cassini 659 

spacecraft for serpentinization durations compatible with the age of Enceladus. 660 

Following the abovementioned assumptions, the evolution of the grain radius can be 661 

approximated following: 662 

𝑟(𝑡)𝑔𝑟𝑎𝑖𝑛,𝑗 = 𝑟(0)𝑔𝑟𝑎𝑖𝑛,𝑗 −√𝐷0. exp (
−𝐸𝑎,𝑑𝑖𝑓𝑓

𝑅𝑇𝑗
) . 𝑡 (46) 

where the subscript j indicates that the considered grains j are located at a depth where the 663 

temperature Tj prevails. Over a given time interval ∆t, the flux of H2 resulting from the 664 

dissolution of one single grain can therefore be written following: 665 

𝐹(𝑡)𝐻2,𝑔𝑟𝑎𝑖𝑛,𝑗 =
4𝜋. (𝑥 3⁄ ). (𝑟(𝑡)𝑔𝑟𝑎𝑖𝑛,𝑗

3 − 𝑟(𝑡 + ∆𝑡)𝑔𝑟𝑎𝑖𝑛,𝑗
3 )

3∆𝑡. 𝑉𝑔𝑟𝑎𝑖𝑛̅̅ ̅̅ ̅̅ ̅̅
 (47) 

If the core is sliced into n concentric spherical shells (see Section 7.1), then the total flux of 666 

H2 generated in the j
th

 increment (located at a distance from the center of the core comprised 667 

between rj and rj-1) can be calculated by combining Eq. (41) and (47): 668 

𝐹(𝑡)𝐻2,𝑗 = 𝑁𝑔𝑟𝑎𝑖𝑛𝑠,𝑗𝐹(𝑡)𝐻2,𝑔𝑟𝑎𝑖𝑛,𝑗 = (𝑟𝑗
3 − 𝑟𝑗−1

3 )
(1 − 𝛷)

𝑟(0)𝑔𝑟𝑎𝑖𝑛
3 𝐹(𝑡)𝐻2,𝑔𝑟𝑎𝑖𝑛,𝑗  (48) 

Finally, the total flux of H2 coming from the whole core over a given time interval ∆t can be 669 

simply written following: 670 

𝐹(𝑡)𝐻2 =∑𝐹(𝑡)𝐻2,𝑗

𝑛

𝑗=1

 (49) 
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As can be seen in Fig. 8, considering an activation energy of 15 kJ/mol (see Section 6.1) 671 

and the maximum grain size of 1 mm to allow for the longest lifetime of primary silicate 672 

grains, the value of the intrinsic diffusion constant reported in Section 6.1 is too high to 673 

support serpentinization durations of several Gyrs. Actually, we found that D0 would have to 674 

be decreased by two orders of magnitude to get H2 fluxes compatible with that measured by 675 

the Cassini spacecraft and serpentinization durations of several Gyr. Although such low 676 

values of diffusivities seem fairly unlikely (for the record, the diffusion coefficient selected in 677 

Section 6.1 already falls in the lower range of known diffusion coefficients in nanoporous 678 

media), knowledge of the transport properties of secondary coatings formed through an 679 

interface-coupled dissolution-precipitation mechanism is still in its infancy, and there is no 680 

obvious theoretical limitations that would prevent apparent diffusivities lower than currently 681 

known in the literature. As a consequence, we suggest that future studies should be directed to 682 

ascertain whether under the conditions relevant for Enceladus (high pH, temperature range 683 

comprised between 0 °C and 200 °C), the alteration of primary Fe-bearing silicates could 684 

result in the formation of secondary coatings with unexpectedly low diffusivity, making 685 

olivine serpentinization a reliable mechanism for the observed H2 flux by the Cassini 686 

spacecraft. 687 

 688 
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 689 

Fig. 8. Estimated flux of molecular hydrogen resulting from the oxidation of Fe2+ released through enstatite 690 
dissolution. The simulations were conducted with an arbitrary number of 7 concentric shells (see text). The zone 691 
located between the dashed red lines delineates today’s flux of hydrogen as inferred from the measurements 692 
realized by the Cassini spacecraft. The vertical dashed line indicates the suspected age of Enceladus. The solid 693 
red line represents the outputs of the simulation conducted using D0 as the intrinsic diffusion coefficient. 694 
 695 

 696 

8. Concluding remarks 697 

The observation of H2 in Enceladus plume poses an interesting problem to understand the 698 

formation and evolution of this tiny moon of Saturn. In the framework of serpentinization 699 

reactions, various rate-limiting mechanisms have been explored in the present paper, resulting 700 

in the characteristic timescales shown in Fig. 9. 701 
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 702 

Fig. 9. Summary of the estimated lifetime of Fe-bearing silicates (olivine or pyroxene) following the 703 
mechanisms investigated in Sections 2 to 6.2. As can be seen, if the rate-limiting factor of serpentinization is the 704 
hydrolysis rate of olivine/pyroxene (first 5 bars in the diagram above), the corresponding duration of 705 
serpentinization is extremely short, on the order of 10 Myr at most. If the supply of reactants (water, protons) is 706 
supposed to be rate-limiting, this extends the duration of serpentinization up to a few hundreds of Myrs. Such 707 
durations remain much lower than the most generally accepted age for Enceladus (4.5 Gyr). 708 

 709 

As can be seen in Fig. 9, the lifetime of H2 generation following the commonly invoked 710 

rate-limiting steps of Fe-bearing silicate serpentinization ranges between a few millions and a 711 

few hundreds of millions years. Outlier scenarios explored in Sections 7.1 and 7.2 include (i) 712 

a possible characteristic aggregate size of up to a few meters in the core, and (ii) the very slow 713 

diffusion of reactants across nanoporous secondary coatings covering individual olivine (or 714 

enstatite) grains. Regarding (i), this scenario would actually result in weathering textures 715 

similar to those observed on partially serpentinized ophiolites on Earth. However, it is not 716 

supported by any observation of carbonaceous chondrites or other primitive silicate 717 

meteorites considered to be building blocks of icy moons such as Enceladus, and it would be 718 

hardly compatible with the grain size required to support the tidal heating mechanism 719 

proposed by [Choblet et al., 2017] that is suspected to occur on Enceladus. Regarding (ii), 720 

current knowledge on the characteristic diffusivity of secondary coatings formed on Fe-721 
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bearing silicates (see [Daval et al., 2011; Saldi et al.; Saldi et al., 2013; Sissmann et al., 722 

2013]) is not compatible with the intrinsic diffusion constant required to extend 723 

serpentinization duration up to several Gyrs. Therefore, alternative scenarios must be invoked 724 

to explain the observation of molecular hydrogen in Enceladus plume at present time. 725 

A first avenue to develop in the future could be to relax some of the assumptions made in 726 

this study regarding the chemical composition of the solution, which controls the degree of 727 

undersaturation with respect to enstatite, olivine and SiO2(am), and represents a fundamental 728 

rate-controlling parameter of olivine and enstatite dissolution. Our calculations were made 729 

according to the assumption that the chemical composition of the fluid was buffered by stable 730 

mineral assemblages typical of serpentinization reactions, which is consistent with the 731 

theoretical considerations of [C Glein et al., 2018; C R Glein et al., 2015], and confirmed 732 

experimentally at T ≥ 120 °C by e.g., [Hsu et al., 2015] or [Sekine et al., 2015]. In this 733 

framework, the corresponding fluids have low [Mg
2+

]/[SiO2(aq)] ratios, and the dissolution of 734 

olivine and enstatite proceeds at their maximum far-from-equilibrium dissolution rate. 735 

However, the use of stable mineral assemblages to simulate the water composition on 736 

Enceladus at low temperature has recently been questioned: for instance [Fukushi et al., 2020] 737 

suggested that the solubility of Mg may instead be controlled by metastable phases such as 738 

amorphous Mg-carbonates, based on the study of alkaline lakes from the Valley of Gobi 739 

(Mongolia), considered as relevant terrestrial analogues of ocean worlds. Similarly, [Sekine et 740 

al., 2015] suggested that the ocean water located at the boundary with the seafloor could be at 741 

saturation with respect to SiO2(am). Considering fluid compositions that are enriched in Mg 742 

and SiO2(aq) compared to the fluid compositions that we have considered here clearly has the 743 

potential to lengthen the lifetime of olivine and enstatite. A key question however would be to 744 

determine whether both elevated concentrations of Mg and SiO2(aq) can be maintained in 745 

strongly alkaline solutions (pH 9 to 11) at low temperatures, without precipitation of Mg-746 
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phyllosilicate that would ultimately bring back the solution to a composition typical of the 747 

mineral assemblages buffers considered in the present study. Strengthening this idea, [Zeyen 748 

et al., 2021] showed that when alkaline lakes also contain elevated concentrations of 749 

SiO2(aq), the Mg concentration is no longer controlled by amorphous Mg carbonate 750 

solubility, and leads to the precipitation of several Mg-phyllosilicates. As a consequence, the 751 

solid phases that control the chemical composition of fluids at low temperature remain a 752 

source of debate. Additional work, outside the goal of the present study, is needed to predict 753 

the Mg and SiO2(aq) concentrations in Enceladus’ ocean in a consistent chemical model.  754 

Another possibility that would reconcile the short timescales of H2 production with 755 

observations could be that Enceladus is a very young moon ([Ćuk et al., 2016]) only ~ 100 756 

million years old. However, this explanation was challenged by a subsequent study ([Fuller et 757 

al., 2016]) which took into account the frequency dependence of the dissipation factor leading 758 

to an age consistent with 4.5 Gyr. 759 

Alternatively, an explanation could be related to the fact that gravity vanishes at the 760 

center of Enceladus (it roughly varies linearly with radius), advection velocities are expected 761 

to decrease accordingly ([Le Reun and Hewitt, 2020]). Even if permeability in this central 762 

region is identical to the one in the rest of the core, once the present water is consumed by the 763 

reaction, extremely reduced water supply is expected. This would lead to the preservation of 764 

an inner core experiencing basically no fluid circulation. This could result in the preservation 765 

of almost undisturbed olivine or organic matter at the center of Enceladus despite the hot 766 

temperatures, whose limited amounts of reaction could explain the present day production of 767 

H2 as detected by Cassini. 768 

Another hypothesis could be that the present day source of H2 might not be due to 769 

serpentinization, which would have only occurred early on to explain the presence of 770 

nanoparticles of SiO2 in the E-ring (note that those have not been found in the plume). The 771 
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presence of heavy organics ([Postberg et al., 2018]) raises the possibility that their pyrolysis 772 

could produce the present time H2 ([Sotin and Reynard, 2021]). It would also explain at the 773 

same time similar amounts of CH4 and H2 in the plumes, which are difficult to explain by 774 

serpentinization without invoking contribution of alive microorganisms ([Affholder et al., 775 

2021]). In that case, a low porosity inner-core of Enceladus made of an assemblage of 776 

hydrated silicates and organic matter, and an outer core made of porous hydrated silicates 777 

required for tidal heating could explain the Cassini data. Laboratory experiments measuring 778 

the kinetics of such process at temperatures relevant to Enceladus are necessary to validate / 779 

rule out such a scenario. 780 

Finally, the oxidation kinetics of Fe
2+

 from hydrous silicates (e.g.  from Fe
2+

-serpentine 781 

minerals formed in an early serpentinization stage) and the transport properties of secondary 782 

phases formed under those conditions are poorly known, and might provide an additional 783 

avenue for explaining long H2 production times and low fluxes.   784 

 785 

Appendix A: Summary table of model parameters 786 

Model parameters used in the present study 787 

 788 
Parameter Symbol Value 

Mg content in olivine or enstatite x 0.28 ≤ x ≤ 0.62 (olivine); 0 ≤ x ≤ 1 (enstatite) 

time t - 

mineral grain size rgrain 10 µm ≤ rgrain ≤ 1 mm 

molar volume of mineral i 𝑉𝑖̅ 𝑉̅𝑜𝑙 = 45 cm3/mol; 𝑉̅𝑒𝑛𝑠 = 31.21⁡cm3/mol 

molar volume of water 𝑉̅𝑤𝑎𝑡𝑒𝑟 𝑉̅𝑤𝑎𝑡𝑒𝑟 = 18 cm3/mol 

dissolution rate of mineral i Ri - 

dissolution rate constant k0 11746 mol/m²/s (olivine); 170 mol/m²/s (enstatite) 

activation energy of dissolution Ea 66.4 kJ/mol (olivine); 80 kJ/mol (enstatite) 

gas constant R 8.314 J/mol/K 

temperature T 0 °C ≤ T ≤ 200 °C 

concentration of aqueous species i [i] - 

activity of aqueous species i (i) - 

reaction order with respect to H+ n nol =0.256; nens = 0.000 

Gibbs free energy of dissolution of mineral i ∆𝐺𝑖 - 

equilibrium constant of talc dissolution 𝐾𝑇𝑙𝑐
𝑇  

logK(T [°C]) = 23.1(0); 21.1(25); 18.1(60); 

15.1(100); 12.0(150); 9.7(200) 

equilibrium constant of chrystotile 

dissolution 
𝐾𝐶𝑡𝑙
𝑇  

logK(T [°C]) = 34.4(0); 31.1(25); 27.0(60); 

23.2(100); 19.4(150); 16.5(200) 

equilibrium constant of forsterite dissolution 𝐾𝐹𝑜
𝑇      logK(T [°C]) = 31.1(0); 27.9(25); 24.0(60); 
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 20.5(100); 16.9(150); 14.2(200) 

equilibrium constant of enstatite dissolution 𝐾𝐸𝑛𝑠
𝑇  

    logK(T [°C]) = 12.5(0); 11.3(25); 9.7(60); 

8.2(100); 6.7(150); 5.5(200) 

equilibrium constant of calcite dissolution 

(calculated from Eq. (22)) 
𝐾𝐶𝑎𝑙
𝑇  

logK(T [°C]) = 8.8(0); 8.2(25); 7.6(60); 

6.8 (100); 6.6(150); 6.4(200) 

equilibrium constant of tremolite dissolution 𝐾𝑇𝑟
𝑇  

    logK(T [°C]) = -66.9(0); -61.2(25); -53.2(60); 

-45.3(100); -37.3(150); -31.0(200) 

carbonate alkalinity inherited from the ocean Cocean 0.03 molal 

activity coefficient of aqueous species i 𝛾𝑖 - 

critical free energy of etch pit nucleation ∆Gcrit ∆𝐺𝑜𝑙
𝑐𝑟𝑖𝑡 = -12.0 kJ/mol ; ∆𝐺𝑒𝑛𝑠

𝑐𝑟𝑖𝑡 = -7.5 kJ/mol 

diffusion coefficient of aqueous species at T 𝐷𝑇 - 

intrinsic diffusion constant in nanopores D0 7.2 × 10-16 cm²/s 

activation energy of diffusion in nanopores 𝐸𝑎,𝑑𝑖𝑓𝑓 15 kJ/mol 

porosity of Enceladus’ core 𝛷 26% (unless otherwise mentioned) 

water to olivine molar ratio in 

serpentinization reactions 
Y 1.5-1.25x/3 or 1.5-2x/3  

radius of Enceladus’ core 𝑟𝑐𝑜𝑟𝑒 190 km 

fluid velocity in Enceladus’ core 𝜐 1 cm/yr 

radius of mineral aggregates in the core 𝑟𝑎𝑔𝑔 100 µm ≤ ragg ≤ 5 m 

surface of spherical aggregates 𝑆𝑎𝑔𝑔 4𝜋. 𝑟𝑎𝑔𝑔
2 

volume of Enceladus’ core 𝑉0 (4𝜋 3⁄ ). 𝑟𝑐𝑜𝑟𝑒
3  

hydrogen flux released from Enceladus FH2 - 

hydrogen flux released from a single grain FH2,grain - 

 789 
When the numerical value of a parameter results from a calculation involving a range of parameter values, no 790 
specific value was assigned to it (-).  791 
 792 

 793 

Data availability statement 794 

All shapefiles produced in this work are available at Daval et al. (2021) 795 

20211206_JGRPlanets_H2GenerationTimescalesEnceladus [Dataset]. Zenodo. 796 

https://doi.org/10.5281/zenodo.5761723. All data used in the present study come from 797 

previously published sources and in particular from [Rimstidt et al., 2012] for olivine and 798 

[Palandri and Kharaka, 2004] for enstatite dissolution kinetics, [van der Lee and de Windt, 799 

2002] for mineral solubility constants, [Antonio C. Lasaga and Blum, 1986] for etch pit 800 

nucleation energetics, [Daval et al., 2011] and [Daval et al., 2013] for the solubility of ASSLs 801 

developed on olivine and pyroxene, respectively, [Rotenberg et al., 2007] for the activation 802 

energy of diffusion in nanopores, [Daval et al., 2011] for estimated diffusivity of ASSLs on 803 

olivine and [Waite et al., 2017] for the flux of hydrogen in Enceladus’ plume. 804 
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