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Abstract In this article, anoxic and oxic hydrolyses of rocks containing Fe (II) Mg-silicates
and Fe (II)-monosulfides are analyzed at 25 °C and 250–350 °C. A table of the products is
drawn. It is shown that magnetite and hydrogen can be produced during low-temperature
(25 °C) anoxic hydrolysis/oxidation of ferrous silicates and during high-temperature (250 °C)
anoxic hydrolysis/oxidation of ferrous monosulfides. The high-T (350 °C) anoxic hydrolysis
of ferrous silicates leads mainly to ferric oxides/hydroxides such as the hydroxide ferric
trihydroxide, the oxide hydroxide goethite/lepidocrocite and the oxide hematite, and to
Fe(III)-phyllosilicates. Magnetite is not a primary product. While the low-T (25 °C) anoxic
hydrolysis of ferrous monosulfides leads to pyrite. Thermodynamic functions are calculated
for elementary reactions of hydrolysis and carbonation of olivine and pyroxene and E-pH
diagrams are analyzed. It is shown that the hydrolysis of the iron endmember is endothermic
and can proceed within the exothermic hydrolysis of the magnesium endmember and also
within the exothermic reactions of carbonations. The distinction between three products of the
iron hydrolysis, magnetite, goethite and hematite is determined with E-pH diagrams. The
hydrolysis/oxidation of the sulfides mackinawite/troilite/pyrrhotite is highly endothermic but
can proceed within the heat produced by the exothermic hydrolyses and carbonations of
ferromagnesian silicates and also by other sources such as magma, hydrothermal sources,
impacts. These theoretical results are confirmed by the products observed in several related
laboratory experiments. The case of radiolyzed water is studied. It is shown that magnetite and
ferric oxides/hydroxides such as ferric trihydroxide, goethite/lepidocrocite and hematite are
formed in oxic hydrolysis of ferromagnesian silicates at 25 °C and 350 °C. Oxic oxidation of
ferrous monosulfides at 25 °C leads mainly to pyrite and ferric oxides/hydroxides such as
ferric trihydroxide, goethite/lepidocrocite and hematite and also to sulfates, and at 250 °C
mainly to magnetite instead of pyrite, associated to the same ferric oxides/hydroxides and
sulfates. Some examples of geological terrains, such as Mawrth Vallis on Mars, the Tagish
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Lake meteorite and hydrothermal venting fields, where hydrolysis/oxidation of ferromagnesian
silicates and iron(II)-monosulfides may occur, are discussed. Considering the evolution of
rocks during their interaction with water, in the absence of oxygen and in radiolyzed water,
with hydrothermal release of H2 and the plausible associated formation of components of life,
geobiotropic signatures are proposed. They are mainly Fe(III)-phyllosilicates, magnetite, ferric
trihydroxide, goethite/lepidocrocite, hematite, but not pyrite.
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Prebiotic chemistry

Introduction

In this article, we attempt to propose geological minerals which may be associated with the
formation of molecular components of life. Considering that synthesis of molecules of
biological interest may be a consequence of the evolution of rocks in their alteration with
water, we search for signatures inside rocks which can witness plausible prebiotic synthesis.
This work refers to the laboratory experiments on amino acid synthesis when CO/CO2 and N2

and an excitation source are present. It has been demonstrated that peptide like molecules are
formed when 350 Torr CO and 350 Torr N2 gases are present above liquid water producing
20 Torr H2O, and when this gas mixture is excited with high energy particles and photons
simulating cosmic radiation: 2.5 to 4.0 MeV protons generated by a van de Graaf accelerator,
40 MeV protons and 65 MeV helium ion beams from an SF cyclotron, 400 MeV and 1 GeV
electron beams from an electron synchrotron (Kobayashi et al. 1998), heavy ions (helium,
carbon, neon and argon) from an HIMAC heavy ions accelerator, UV light and soft-X rays of
keV-order in energy from a synchrotron, and gamma rays of MeV-order from a 60Co source
(Kobayashi et al. 2008). In these experiments, amino acids precursors are formed with
particles, gamma rays and X-rays, not with UV light. Amino acids are detected in small
amounts when vacuum UV irradiates NH3 instead of N2. For irradiation by protons, helium
ions and electrons, the glycine energetic yield, the G-value, which is the amount of molecules
formed per 100 eVabsorbed, is in proportion to the total energy deposited, and is independent
of the kind of particles. The G-value for gamma rays of low-dose rate (<5 Gy/h) is equivalent
to the one obtained with 3 MeV protons and is lower for high-dose rates (>90 Gy/h).

It has been demonstrated that CO and not CO2 is the necessary molecule in the synthesis of
amino acids. Indeed, when mixtures of CO, CO2, N2, and H2O are irradiated, the yield of
amino acids is clearly connected to the partial pressure of CO (Kobayashi et al. 1990). Many
attempts had been carried out earlier to synthesize organic compounds from CO and CO2 (ref
herein Schlesinger and Miller 1983) and the observation that CO was more necessary than
CO2 was suggested in experiments on prebiotic synthesis using spark discharge and conducted
for the comparison of primitive atmospheres containing CH4, CO and CO2 (Schlesinger and
Miller 1983), where it is shown that "for a H2/CO2ratio of 0, the yield of amino acids is
extremely low (5x10-3% with added NH3)" and "the amino acid yields at H2/CO=0 are 0.44%
with added NH3". Several experiments conducted in liquid and gas phases show conditions of
formation of CO. For example, dissolved CO associated with minor dissolved CH4 is proved
experimentally to be a product of the hydrothermal reaction of H2 on CO2 dissolved in sea
water at 250 °C–300 °C and 250 bars and with addition of Fe3O4 as catalyst (Fu and Seyfried
2009). CO gas is also a product of the hydrogenation at atmospheric pressure, of CO2 gas by a
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flux of H2 at 500 °C and with Cu/Al2O3 as catalyst (Chen et al. 2000). CO can thus form in the
gas and dissolved states, from high temperature hydrogenation of CO2.

Images of the macromolecules which are abiotically formed during a 3 MeV-proton
excitation of the (CO + N2 + H2O) gas mixture has been studied by three-dimensional
Scanning Electron Microscopy, 3D–SEM, and 3D Atomic Force Microscopy, 3D–AFM
(Bassez et al. 2012). They show nano- and micro-structures of spheres, filaments and tubules,
to be compared with morphologies attributed to microorganisms. A wide variety of amino
acids were detected after HCl acid-hydrolysis: glycine, D,L-alanine, D,L-α-aminobutyric acid,
D,L-aspartic acid, β-alanine, D,L-serine and others and an enantiomer analysis showed a
racemic mixture of the most abundant chiral amino acid D, L-alanine thus excluding potential
contamination in this abiotic synthesis.

Consequently prebiotic molecules of biological interest can form in media enabling hydro-
thermal concentration of H2, CO2 and N2 in the presence of gaseous water and submitted to
energetic excitation sources but not UV light.

In the present work, two kinds of rocks are considered in their release of H2, ferromagnesian
silicate rocks and ferrous monosulfide rocks. Their interaction with water which is oxygenated or
not, is studied using thermodynamic functions and thermodynamic E-pH diagrams. The results of
the calculations and analyses show that H2 can be released during the anoxic hydrolysis of the
ferromagnesian silicates and ferrousmonosulfides, depending on pH and temperature. They show
that magnetite may not be a product of the high-T (350 °C) anoxic hydrolysis of the ferromag-
nesian silicates at pH above ~11.5 but may be a product of their low-T hydrolysis at pH ~8.5.
Magnetite seems to be a product of the anoxic hydrothermal hydrolysis of ferrousmonosulfides at
250 °C and low pH ~3.5 to 8. This endothermic reaction may occur in symbiosis with the
exothermic hydrolyses and carbonations of ferromagnesian silicates rocks and probably also
within the heat produced by meteorite/asteroid impacts, magma and hydrothermal sources.
Instead at 25 °C, the anoxic hydrolysis of ferrous monosulfides leads to pyrite at pH ~5.4 to
9.5. These theoretical results are related to the process of serpentinization for which a recent article
describes a thorough context of the past (Klein et al. 2015 and ref. herein). The serpentinization
reaction is usually written with production of serpentine, brucite, magnetite, and H2. Our results
show that high-T (350 °C) serpentinization do not produce magnetite but rather Fe(III)-
phyllosilicates, ferric trihydroxides, goethite/lepidocrocite, hematite and H2 at high pH above
~11.5, and that it is low-T serpentinization which may produce magnetite around pH 8.5. These
theoretical results are confirmed by laboratory experiments. For instance, an experiment con-
ducted on grounded pieces of peridotite, 50 to 100 μm in size, Bdefined as spinel lherzolite^ and
"composed of 62 vol% olivine, 26 vol% orthopyroxene, 10 vol% clinopyroxene, ~2 vol% spinel",
reacting with subseafloor water at 200 °C and 500 bar during 3 to 7 months, showed that
"surprisingly magnetite was only present in trace amounts" (Seyfried et al. 2007). Artificial
seawater was prepared with chloride, sulfate and bicarbonate. Value of pH measured at 25 °C
started at 6.2 and reached a stable value of 12.1 after 3705 h (~5 months). Dissolved H2 reached
the high concentration of 57.4 mmol.kg−1 after 3705 h and 76.4 mmol.kg−1 after 5187 h (~
7 months). Another experiment reports the reaction of cm-sized pieces of uncrushed harzburgite-
peridotite with chemically modified seawater at 300 °C and 35MPa for ca.1.5 years. Serpentine is
formedwith accessorymagnetite, chlorite, traces of calcite and heazlewoodite. (Klein et al. 2015).
"The peridotite can be classified as a harzburgite consisting of olivine (~70 wt%), orthopyroxene
(~25 wt%), clinopyroxene (~4 wt%), Cr-spinel (~0.9 wt%) and traces (<0.1 wt%) of amphibole,
glass, and primary sulfides...The pH (25°C) increased from 6.3 to 9.0 ... The concentration of
H2(aq)increased to 7.7 mmol/kg... Pentlandite is found together with magnetite...when fluid
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accessed the sulfides, heazlewoodite and magnetite precipitated." Thus, it seems that magnetite is
formed during the hydrothermal hydrolysis of sulfides instead of silicates confirming our
theoretical results. Other related experiments conducted on sulfides at 25 °C and 250 °C are
discussed. The case of oxic oxidation is also discussedwhenH2 is produced in radiolyzedwater at
high- and low-T. Thus, signatures of oxic hydrolysis of silicates and sulfides which could have
been associated to prebiotic syntheses are also proposed.

Preliminary results have been reported earlier (Bassez 2013, 2014, 2015, 2016). Thermo-
dynamic equations for the elementary reactions of hydrolyses and carbonations of ferromag-
nesian silicates are re-examined. Some examples of geological terrains where hydrolysis/
oxidation of ferromagnesian silicates and ferrous sulfides may occur, are discussed. I call
geobiotropic signatures the geological signs, resulting from the hydrothermal evolution of
rocks during their interaction with water, and which may witness prebiotic syntheses. Here are
presented the geobiotropic signs which can be produced in geological terrains, in symbiosis
with the prebiotic syntheses based on Kobayashi experiments.

Calculation Methods

Calculations are performed with the purpose to obtain values of the thermodynamic functions
enthalpies and free enthalpies. Elementary reactions are considered for the hydrolysis and
carbonation of olivine and pyroxene and for the dehydration of the serpentine group chrysotile/
lizardite. They are independent of the chemical composition of olivine and pyroxene. Thermo-
dynamic functions are calculated for the serpentinization process of olivine with the chemical
composition (Fe0.5Mg0.5)2SiO4 and of pyroxene as (Fe0.5Mg0.5)SiO3 and considering the same
molar amount of endmember for the hydrolysis and carbonation, 1/4 Fe2SiO4 and 1/4MgSiO3.
Units are given per mole of advancement of the reactions. Individual values for reactants and
products are taken from Robie and Hemingway’s 1995 tables, at 298.15 K and 1 bar (Robie and
Hemingway 1995). Values for SiO2 are those of quartz and for Mg3Si2O5(OH)4 those of the
serpentine chrysotile. Entropy values for (1) and (5) are calculated considering
S0(H2) = 130.45 J.K−1.mol−1. Calculations are performed by hand without any computer
software. Values of enthalpies, and free enthalpies also named Gibbs energies, are calculated
considering the enthalpies and free enthalpies of formation of the reactants and products,
ΔrH

0 = ∑iνi.ΔfHi
0 and ΔrG

0 = ∑iνi.ΔfGi
0. For verification that results are reliable, values of

free enthalpies ΔrG
0, are also calculated considering that ΔrG

0 is the enthalpy which remains
when the energy corresponding to the entropy has been removed from the enthalpyΔrH

0:ΔrH
0-

T.ΔrS
0. (see Bassez 1998–2013 for details on thermodynamics).

Thermodynamic functions give information on the heat produced or absorbed during the
reaction. In order to get information on the kind of reactions which may occur as a function of
pH, temperature and pressure, thermodynamic equilibrium E-pH diagrams also known as
Pourbaix diagrams are analyzed. These E-pH diagrams indicate product stability domains.
They are constructed at a specific temperature and for concentrations which are usually
10−6 mol.kg−1, which might not be the concentration in geological terrains. However they
are useful to extract some information, write redox equations and understand which reactions
may occur as a function of T, P and pH and other dissolved species. For instance, from the
analysis of the diagram constructed for iron and water, in high subcritical and low supercritical
water, at 350 °C, 25 MPa at total concentration of dissolved iron 10−6 mol.kg−1 (Fig.7a
of Cook and Olive 2012), I deduced that ferrous iron is transformed into ferric iron with release
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of H2 at high pH ~11.5 to 14, and I write the redox eq. (10) of Table 2. The redox potential line
of the H+/H2 couple is higher than the redox potential line of the Fe

3+/Fe2+ couple. The H+/H2

couple oxidizes the Fe3+/Fe2+ couple. Equations satisfying the three equilibria of mass, charge
and oxidoreduction can thus be written for specific T, P, pH and concentration. The kinetics of
the reactions is not the purpose of the present article.

Results

Anoxic Alteration of Ferromagnesian Silicate and Ferrous Monosulfide Rocks

Ferric Phyllosilicates and Ferric Oxides/Hydroxides with Carbonates as Products
of the Hydrothermal Anoxic Alteration of Ferromagnesian Silicate Rocks and Magnetite
as Product of the Low-T Alteration

Elementary reactions of the serpentinization process inside ultramafic rocks are studied here
thermodynamically. The functions enthalpies and free enthalpies for the hydrolyses of the iron
endmembers of olivine and pyroxene are calculated with the products either magnetite or ferric
trihydroxide or hematite (eqs. 1,1′,1″ and 5,5′,5″ of Table 1). They show that the process of
hydrolysis is endothermic and non spontaneous. However, these hydrolyses may be induced by
six exothermic and spontaneous reactions: the four reactions of carbonation of the two olivine
endmembers, fayalite Fe2SiO4 and forsterite Mg2SiO4 (eq. 3 and 4) and the two pyroxene
endmembers, ferrosilite FeSiO3 and enstatite MgSiO3 (eq. 7 and 8), and the two reactions of
hydrolysis of the magnesium endmembers of olivine and pyroxene (eq. 2 and 6), as far as the
activation energies of these reactions are overcome by a triggering effect. Talc, Mg3Si4O10(OH)2,
a tetrahedral-octahedral-tetrahedral (T-O-T) phyllosilicate, can form in a silica-saturated hydro-
thermal fluid, following eq. (9), during the slightly exothermic and spontaneous dehydration of
lizardite/chrysotile,Mg3Si2O5(OH)4, tetrahedral-octahedral (T-O) phyllosilicates of the serpentine
group. An experiment conducted in 2013 proves the validity of eq. (4). When forsterite was
exposed to pure deionized water and supercritical CO2 at 120 °C and 80 bars over 7 days, crystals
of magnesite MgCO3 and spherical particles of quartz SiO2, were observed (Aaberg et al. 2013).
Which one of these three reactions of hydrolysis really occurs?

Thermodynamic E-pH diagrams can give information. Fig. 7a of Cook and Olive (2012)
shows the E-pH diagram for iron in high subcritical and low supercritical water, at 350 °C,
25 MPa, and total concentration of dissolved iron 10−6 mol.kg−1. The redox eq. (10) of Table 2
can be deduced from this diagram. This equation can be written, considering that the
trihydroxide anion Fe(OH)3

−
, the dissolved form of ferrous dihydroxide Fe(OH)2, contains

iron(II) and the tetrahydroxide anion Fe(OH)4
−, the dissolved form of ferric trihydroxide

Fe(OH)3, also named hydrated goethite α-FeO(OH)H2O, contains iron(III). In alkaline water,
goethite α-Fe(III)O(OH), dissolves as the species Fe(OH)4

−, which is the anion form of
Fe(OH)3 andwhich can be written as FeO(OH)H2O(OH)

−. It is known that ferric iron speciation
is controlled by the species Fe3+, Fe(OH)2

+ and Fe(OH)4
− depending on pH (Albarède 2003).

Thus, at 350 °C and high pH, above ~11.5, there is formation of ferric iron under the form of
dissolved goethite, Fe(OH)4

−, with release of H2. These pH values and the observation that
ferric ions form under the form of goethite instead of magnetite most probably explain the
results of the Seyfried experiment on the hydrolysis of peridotite, cited in the introduction,
where "surprisingly magnetite was only present in trace amounts" (Seyfried et al. 2007).
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This Fe(OH)4
− / Fe(OH)3

− redox equation which can be written from a E-pH diagram
drawn at 350 °C, 25 MPa, cannot be written from the diagram that Pourbaix drew at 25 °C, for
the same concentration (Fig.4 p. 312 of Pourbaix 1963). Instead, at 25 °C, it is magnetite
which forms with release of H2 at pH limited around 8.5, following eq. (10)’ of Table 2.

We deduce that, in anoxic conditions, at high temperature and high pH, ferrous ion
transforms into ferric ion under the form of goethite, with release of H2, and that at 25 °C
and pH ~8.5, it is magnetite which forms in association with H2. This observation can
most probably be related to low temperature serpentinization which has been reported to
occur in some geological sites. The E-pH diagram drawn by Pourbaix at 25 °C is also
interesting because lines are traced for different concentrations, showing that pH values
depend on concentrations. For a concentration of dissolved iron 10−2 mol.kg−1, magne-
tite is produced at pH ~6.5. Thus information on redox equations and stability domains
can be extracted from E-pH diagrams, but with cautiousness.

The dissolution of CO2 in water does not change the appearance of the E-pH diagrams. By
comparison with diagrams constructed for the ternary system iron, water and carbon dioxide,
between 25 °C and 150 °C, at concentrations of dissolved iron 10−5 mol.kg−1, and carbonates
10−2, 10−3, 10−4 mol.kg−1 (Chivot 2004), it can be deduced that the presence of CO2 does not
change the appearance of the Fe-H2O diagrams and that eq. (10) of Table 2maymost probably be
written for the ternary system Fe-CO2-H2O at 350 °C and 25MPa. The presence of CO2 does not
alter the conclusion that dissolved goethite Fe(OH)4

− is formed at high pH, with release of H2.
Consequently in anoxic ferromagnesian silicate terrains, upon the Cook and Olive diagram,

the ferric oxide hydroxides FeO(OH), including goethite and lepidocrocite, are produced under
their dissolved form Fe(OH)4

−, together with H2, following eq. (10), at high pH above ~11.5
and for temperature and pressure near the critical point of water which bears the values 374 °C,
22.1 MPa for pure water.

The thermodynamic equations of Table (1) which are related to the redox eq. (10), for the
geological oxidative hydrolyses of fayalite and ferrosilite, in the absence of O2, are (1)’ and
(5)’. Reactions are endothermic and require a hydrothermal system to occur. They can be
constructed from E-pH diagrams at 350 °C and not at 25 °C. A calorimetric experiment
conducted up to 685 °C, showed that natural goethite, with ca 13% H2O attached to FeO(OH)
and no titanomagnetite neither pyrrhotite but perhaps trace amounts of organic matter, converts
into hematite between 260 °C and 360 °C with trace amounts of magnetite above 400 °C. "At
685°C, the magnetic mineralogy was usually dominated by magnetite" (Dekkers 1990).
Another experiment conducted on heating amorphous ferric hydroxide in sealed ampoules,
between 100 and 200 °C, produced hematite only at pH 0.8 to 2.6, hematite and goethite at
pH 8.0 to 10.0, and goethite only at pH 10.5 to 10.8 (Christensen 1968).

Thus the hydrolyses of fayalite and ferrosilite in the absence of oxygen lead preferentially to
ferric trihydroxide and ferric oxide hydroxides, following eq. (1)’ and (5)’ and after dehydra-
tion to hematite, instead of magnetite, following eqs. (1)^ and (5)^ which are precisely more
endothermic than eqs. (1) and (5).

Consequently, the ferric ions formed during the anoxic hydrothermal hydrolysis of the iron
endmembers of olivine and pyroxene seem incorporated into iron oxides/hydroxides but not
magnetite. They can also be incorporated into the structures of the hydrolysis products of the
magnesium endmembers to form Fe(III)-phyllosilicates. For instance, the T-O phyllosilicate
chrysotile Mg3Si2O5(OH)4, which may be represented as [(3Mg)6+ (Si2O5)

2− (4OH)4−], may
form as (MgII,FeII)3Si2O5(OH)4 or (AlIII,FeIII)2Si2O5(OH)4 and the T-O-T phyllosilicate talc
Mg3Si4O10(OH)2, represented as [(3Mg)6+ (Si4O10)

4− (2OH)2−], may form as
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(MgII,FeII)3Si4O10(OH)2 or (Al
III,FeIII)2Si4O10(OH)2. The hydrogen which is released during

the serpentinization reactions accompanies the formation of ferric oxides/hydroxides at 350 °C
and magnetite at 25 °C.

Calculations of thermodynamic functions for the exothermic reactions of the
serpentinization process lead to high values. The enthalpy of forsterite hydrolysis (eq.2) is:
ΔrH

0 = −288.2 kJ/kg of forsterite Mg2SiO4 and the enthalpy of forsterite carbonation (eq.4) is:
ΔrH

0 = −1260 kJ/kg of forsterite Mg2SiO4. The enthalpy of fayalite carbonation (eq.3) is:
ΔrH

0 = −772 kJ/kg of fayalite Fe2SiO4. The enthalpy of serpentinization for (Fe0.5Mg0.5)2SiO4

olivine, is calculated by summation of enthalpies of the 4 eqs. 1′, 2, 3 and 4:ΔrH
0 = −90.3 kJ/

mol of (Fe0.5Mg0.5)2SiO4 olivine, which corresponds to ΔrH
0 = −524.35 kJ/kg of

(Fe0.5Mg0.5)2SiO4 olivine and to the following global equation:

Fe0:5Mg0:5ð Þ2SiO4 þ 11=8H2Oþ CO2→1=2Fe OHð Þ3 þ 1=8Mg3Si2O5 OHð Þ4 sð Þ

þ 1=8Mg OHð Þ2 sð Þ þ 1=2FeCO3 þ 1=2MgCO3 þ 3=4SiO2 þ 1=4H2

The enthalpy of enstatite hydrolysis (eq.6) is:ΔrH
0 = −206.8 kJ/kg of enstatiteMgSiO3 and the

enthalpy of enstatite carbonation (eq.8) is:ΔrH
0 = −845.4 kJ/kg of enstatiteMgSiO3. The enthalpy

of ferrosilite carbonation (eq.7) is: ΔrH
0 = −590.5 kJ/kg of ferrosilite FeSiO3. The enthalpy of

serpentinization for (Fe0.5Mg0.5)SiO3 pyroxene, is calculated by summation of all enthalpies of
eqs. 5′, 6, 7 and 8: ΔrH

0 = −43.98 kJ/mol of pyroxene (Fe0.5Mg0.5)SiO3, which corresponds to
ΔrH

0 = −378.61 kJ/kg of pyroxene (Fe0.5Mg0.5)SiO3, and to the following global equation:

Fe0:5Mg0:5ð ÞSiO3 þ 2=3H2Oþ 1=2CO2→1=4Fe OHð Þ3
þ1=12Mg3Si2O5 OHð Þ4 sð Þ þ 1=4FeCO3 þ 1=4MgCO3

þ5=6SiO2 þ 1=8H2

When peridotite is composed mainly of ferrosilite, the enthalpy of the serpentinization
process becomes at the extreme the summation of the enthalpies of eqs. (5)’ and (7), and takes
the value of −266.05 kJ/kg of ferrosilite which should correspond to a lower temperature.

Thus, the calculated enthalpies and free enthalpies of the elementary reactions of hydrolysis
and carbonation of the ferromagnesian silicates show that oxidation of ferrous iron in anoxic
water is an endothermic process. E-pH diagrams show that at 350 °C this oxidation occurs at
high pH ~11.5 to 14, with production of the ferric tetrahydroxide anion and at 25 °C around
pH 8.5 with production of magnetite.

From these analyses, it can be inferred that, on geological terrains, the anoxic
serpentinization process gives primary products which are ferric phyllosilicates, ferric
trihydroxide, dissolved goethite, and after dehydration the ferric oxide hydroxides goethite
α-Fe(III)O(OH) and lepidocrocite γ-Fe(III)O(OH), and hematite. Magnetite is produced in
trace amounts as a secondary product.

Magnetite at 250 °C and Pyrite at 25 °C with No Carbonates as Products of the Anoxic
Hydrolysis of Ferrous Monosulfides Rocks

A thermodynamic equilibrium E-pH diagram has been drawn, at 250 °C, for the ternary
system Fe-S-H2O in high salinity geochemical brines with "activities of dissolved metal
containing species arbitrarily set to 10-4(m)" (Fig.2 of Macdonald 1992). This diagram
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displays many species and is consequently confusing. However it shows clearly a
stability domain for magnetite and it seems plausible to write the redox eq. (11) of
Table 2 considering the oxidation of the ferrous sulfides, mackinawite/troilite/pyrrhotite
Fe(II)S(−II) into magnetite Fe(II)Fe(III)2O4. At 250 °C, magnetite and H2 are produced
at pH ~3.5 to 8, in the absence of oxygen, not because of transformation of ferrosilicates
but because of transformation of ferrosulfides and a change in the oxidation number of
iron(II) to iron(III). Enthalpy functions calculated at 298.15 K and 1 bar for this eq. (11)
considering the reactant troilite, show that the reaction is endothermic (ΔrH

0 = +
89.57 kJ/mol of FeS) and does not proceed spontaneously (ΔrG

0 = +46.47 kJ/mol of
FeS). An hydrothermal system is required to produce magnetite from mackinawite/
troilite/pyrrhotite, for instance the hydrolyses and carbonations of olivine and pyroxene
as calculated above, or heat from magma or hydrothermal sources, or the fall on Earth or
elsewhere of asteroidal type objects.

The diagram Fe-S-H2O drawn at low temperature 25 °C (Fig.1 of Macdonald 1992) is quite
different as far as the magnetite stability domain is concerned. Production of Fe3O4 associated
with H2 production occurs around pH 12, and it is pyrite Fe(II)S(−I)2 which forms between pH
~5.4 to 9.5 with emission of H2, in the absence of oxygen, in an exothermic and spontaneous
reaction (ΔrH

0 = − 48.3 kJ/mol of FeS, ΔrG
0 = −23.8 kJ/mol of FeS) (eq.12).

Our theoretical observation upon E-pH diagrams, that ferrous sulfides produce pyrite
at low temperature is confirmed by laboratory experiments conducted between 25 °C and
125 °C on anoxic oxidation of iron(II) monosulfide (Rickard 1997). And our theoretical
observation that ferrous sulfides produce magnetite at 250 °C, in the absence of oxygen,
is confirmed by experiments conducted on mackinawite, i.e. tetragonal iron(II)
monosulfide, which is heated up to 410 °C and studied by in situ X-ray diffraction
and transmission electron microscopy, TEM (Lennie et al. 1997). In this last experiment,
greigite, the ferrous ferric polysulfide Fe3S4 forms at 70 °C for one sample and at 100 °C
for another one. The diffraction patterns show that greigite decomposes into the ferrous
monosulfide pyrrhotite and into magnetite above 245 °C. Eq. (11) can explain the
formation of magnetite in the above experiments, starting with iron(II) monosulfide
and with greigite as intermediate product.

Recently, in 2016, has been published a study by computational methods of the anoxic
oxidation of greigite with production of dissolved H2S and magnetite. It is shown that the
partial oxidation of Fe24S32 by water with replacement of S (forming H2S) by O (from H2O) is
thermodynamically favorable and produce Fe24S31O (Santos-Carballal et al. 2016).

Other laboratory heating experiments have been conducted up to 250 °C, on claystones put
into small flasks in confined atmosphere, where it is demonstrated that laboratory heating of
clays trigger the formation of magnetic minerals. Pyrrhotite seems to dominate at low
temperature and magnetite overshadows the magnetic input of pyrrhotite at T above 85 °C
up to 250 °C (Kars et al. 2012; Aubourg and Pozzi 2010). These experiments prove the
predominance of pyrrhotite below 85 °C and magnetite above 85 °C up to 250 °C. Eq. (11) can
also explain the formation of magnetite in these experiments on heated clays and also the
remagnetization of claystone-type rocks during <4 km burial. It is however to be noticed that
goethite was observed in the clay sample before heating. Considering our elementary reactions
which produce ferric tetrahydroxide and goethite or lepidocrocite (eq. 1′, 5′) during
serpentinization, the goethite in the clay sample can be a product of the altered minerals which
formed the clay sample. Goethite during heating dehydrates mainly into non-magnetic hema-
tite and also into small amounts of magnetite, as described in §1.1. for the calorimetric
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experiment (Dekkers 1990), but not below 400 °C. Thus, the magnetic products formed in the
clay heating experiments seem to arise mainly from the anoxic oxidation of pyrrhotite
following eq. (11).

From the exothermic enthalpies calculated in §1.1. for the ferromagnesian silicate hydro-
lyses and carbonations compared to the endothermic values obtained for the iron(II)
monosulfide hydrolysis, it may be inferred that hydrolysis/oxidation of ferrous sulfide can
proceed in symbiosis with hydrolyses and carbonations of ferromagnesian silicates during the
process of serpentinization. Since FeS produces Fe3O4 only at very high pH ~12 at 25 °C and
at pH ~3.5 to 8 at 250 °C, it is plausible to propose by extrapolation that pH of magnetite
formation from ferrous sulfide decreases when temperature increases. That might explain the
pH value ~3 at the Rainbow field which vents fluids at ~365 °C and shows sulfide chimneys,
and also at other low pH hydrothermal vents of the spreading ridges, as discussed in §3.2.

The observation of magnetite as unique ferric compound in the absence of carbonates, in an
iron(II)monosulfide hydrothermal geological site may lead to the conclusion that anoxic water
hydrolyzed the iron-sulfide rocks at that location. This process of anoxic hydrolysis/oxidation of
troilite following eq. 11 of Table 2 can explain magnetic anomalies associated with sulfur smells as
perhaps for the Chelyabinsk asteroid (Popova et al. 2013 p101) andmagnetic anomalies associated
with production of dissolved H2S as discussed for hydrothermal venting fields in §4.3.

The 2007 Seyfried experiment on serpentinization of lherzolite type peridotite produced
"only a trace level of H2S, 0.06 mmol/kg", after 700 h, at pH not determined but which can be
inferred most probably below 8. This pH value corresponds to our proposition of eq. (11) for
the formation of magnetite together with hydrogen sulfide. Since no sulfides are reported to be
present inside the starting lherzolite, and since only traces of hydrogen sulfide and "only trace
quantities of magnetite (~0.014%)" are detected, it can be suggested that in this experiment, the
traces of hydrogen sulfide and magnetite arise from the hydrolysis of traces of iron
monosulfides which were present in the lherzolite. Thus it seems plausible to propose that,
in a general way, magnetite arises from iron(II) monosulfide hydrolysis following our eq. (11)
instead from olivine and/or pyroxene hydrolyses. This remark leads to the conclusion that
hydrolyses of ferromagnesian silicates follow rather our eqs. (1)’ and (5)’ with formation of
ferric ions inside ferric trihydroxide as product, which can be written as hydrated goethite,
FeO(OH)H2O, which can consecutively dehydrate into goethite, lepidocrocite and hematite.
The ferric ions can also integrate the structures of the formed phyllosilicates as already
discussed in §1.1. Indeed Mössbauer spectroscopy applied to the serpentine produced in the
cited lherzolite seawater experiment shows "two doublets indicating the presence of both
Fe3+and Fe2+in the octahedral layer of the serpentine".

The serpentinization experiment on uncrushed harzburgite cited in the introduction (Klein
et al. 2015) reports that "neither brucite nor talc precipitated during the experiment" and that
the experiment did not go to completion. As it is shown by eq. (9) formation of talc from
serpentine requires a solution super saturated in SiO2. It can thus be suggested that lizardite
and chrysotile kept all silicon and oxygen. The report that no brucite was detected leads to the
suggestion that all OH-Mg-OH bonds are most probably integrated inside the structures of the
observed lizardite and chrysotile. Crystal structures of brucite, chrysotile and talc have been
generated using the Vesta software and standard mineral structures from the American
mineralogist crystal structure data base (Li et al. 2014). Fig. 1. of this cited article shows that
"brucite, with its octahedral structure, has a lattice configuration that is similar to the Mg-
bearing octahedral layers in phyllosilicates." It can be easily observed in this figure that the T-
O phyllosilicate chrysotile Mg3Si2O5(OH)4 is composed of a tetrahedral layer of Si and O, and
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an octahedral layer of Mg and O similar to brucite, while the T-O-T phyllosilicate talc
Mg3Si4O10(OH)2 is composed of an octahedral layer of Mg and O, integrated inside two
tetrahedral layers of Si and O. The structures of lizardite and chrysotile are compositionally
similar but can be precisely distinguished by analyzing the vibrations of the OH-Mg-OH
groups with FT-Raman spectroscopy. "The bands produced by vibrations of the
SiO4tetrahedra or by silicon-oxygen linkages appear at frequencies very close to those
detected in the chrysotile spectra...The vibrations of OH-Mg-OH groups appear to be shifted
to higher frequencies on the lizardite spectrum 630 cm-1, when compared to the vibrations of
the same groups in chrysotile, 620 cm-1" (Rinaudo et al. 2003). Thus, since serpentinization
was not complete in the harzburgite experiment, it is plausible to suggest that both lizardite and
chrysotile captured the Mg(OH)2.

This serpentinization experiment starts with the peridotite rock harzburgite which contains
the sulfides Bpentlandite Ni4.9Fe4.1S8^ and "pyrrhotite with approximately of stoechiometric
composition" (i.e. troilite), which are Birregularly distributed within the rock^. It is observed
that "when fluid accessed the sulfides, heazlewoodite and magnetite precipitated...pentlandite
is found together with magnetite". Heazlewoodite formula is Ni3S2. Ni is known to be not
easily incorporated into magnetite and it has been shown that pyrrhotite, which is formed
during troilite oxidation, is enriched in Ni (Bullock et al. 2005). Thus it is possible to suggest
that, in the harzburgite seawater experiment, magnetite forms from the hydrolysis/oxidation of
pentlandite and pyrrhoyite/troilite, instead from the hydrolysis of olivine. The experiment is
conducted at 350 °C and 35 MPa, and our conclusion about sulfide hydrolysis forming
magnetite, arises from E-pH diagrams drawn at 250 °C for Fe-S-H2O systems and at
350 °C and 25 MPa for the Fe-H2O system.

Another experiment conducted on surfaces of ground pyrrhotite oxidized by water which is
distilled, deionized and deoxygenated by sonication, at pH 5.5 and at ambient temperature, formed
35% FeOOH, 5.5% S-rich sulfides (S-S bonds) and no sulfates (Jones et al. 1992). The formed
goethite is difficult to explain without the action of oxygen which would also lead to sulfates.
However, the temperature and pH correspond to eq. (12) with production of the S-rich sulfide py-
rite. If some oxygen is remaining in the water, it could be incorporated into FeO as discussed in
§2.3. for pyrite oxidation, and the small amount of oxygen would not be sufficient to oxidize H2S
into sulfates.

Consequently, upon our theoretical analyses and the confirming experiments, it appears
plausible to propose that during the high temperature (350 °C–250 °C) serpentinization
reactions of peridotite rocks, magnetite is mainly produced by the hydrolyses of the ferrous
monosulfides following eq. (11) that we have constructed and not by the hydrolyses of the
ferromagnesian silicates olivine and pyroxenes.

Oxic Alteration of Ferromagnesian Silicates and Ferrous Monosulfide Rocks

Radiolyzed Water and Molecular Oxygen

Molecular hydrogen is produced during irradiation of water by ionizing radiation, and
production is exponential in supercritical water. Water radiolysis is a source of the reducing
species, H2, the hydrogen atom H•, the hydrated electron e−aq, and also the following oxidizing
species, hydrogen peroxide H2O2, the hydroxyl radical OH•, the hydroperoxyl radical HO2

•

and O2 (Buxton 2008; Baldacchino and Hickel 2008). In boiling water reactors (BWR) and
pressurized water reactors (PWR), which are operated at constant temperature (280–325 °C)
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and constant pressure (15–20 MPa), the water is exposed to a strong radiation field composed
of gamma rays and neutrons and two radiolysis products of water are O2 and H2O2. It is the
same for the supercritical water reactors (SCWR). Injection of H2 into the coolant converts O2

and H2O2 into H2O by radiolytic processes (Lin et al. 2010). A modeling of radiolysis control
for a Canadian SCWR has been recently proposed by H2 addition (Huang et al. 2016). Thus
O2 is a product of water radiolysis.

The species H2, H
•, e−aq, H2O2 and OH• are produced when the energy absorbed by

water is low, i.e. when radiations are in the range of low-linear energy transfer (low-LET)
radiations. Low-LET radiation is produced by gamma radiation, accelerated electrons and
high-energy X-rays, and high-LET radiation is produced by neutrons and heavy ions
including alpha particles (Le Caër 2011). As for example, LET values are 0.2–
0.3 keV.μm−1 for 60Co γ-rays and 140 keV.μm−1 for 5.3 MeV alpha particles (210Po)
(Ferradini and Jay-Gerin 1999) and 0.3 keV.μm−1 for a beam of 300 MeV protons in liquid
water at 25° (Sanguanmith et al. 2012) and 34.8 keV.μm−1 for a beam of 2 MeV protons
(Crumière et al. 2013). As LET increases, the radical density increases, the probability of
encounter between O• and OH• increases and leads to an enhanced production of HO2

•

which in turn reacts with OH• to form O2 and H2O. Production of O2 is proposed to
dominate for LET larger than 300 keV.μm−1 (Gervais et al. 2005) and it is experimentally
proven that an alpha beam with an incident energy of 3.7 MeV produces O2 within a
radiolysis zone of 25 μm (Liedhegner et al. 2011). Molecular oxygen can thus be a product
of water radiolyzed by high-LET. O2 was earlier proposed as a water radiolysis product in
low-LET radiolyses with 60Co γ-rays (Daniels and Wigg 1966). However it was noticed
that confusion might exist between O atoms and O2 molecules.

In Kobayashi experiments with 10 cm beams, LET values were 2.2 keV.μm−1 for He,
13 keV.μm−1 for C and 30 keV.μm−1 for Ne. These excitations sources are below
300 keV.μm−1 and the beams are directed in the gas phase above liquid water. Molecular
oxygen is not produced. High-LET radiation sources are found in cosmic radiation together
with low-LET and also in radioactive rocks with alpha-emitters. It is most probable that at the
surface of comets or planets, when and where water is locally set in the liquid state, there is
formation of O2 in the radiolyzed water. In the interior of rocky objects such as planets,
comets, asteroids, meteorites, the radionuclides 238U, 235U, 232Th, which are alpha emitters,
allow in their vicinity, formation of O2 in water. In addition, the following alpha emitters can
also be considered: 142Ce 144Nd 147Sm 148Sm 152Gd 174Hf 186Os 190Pt. In locations where T
and P reach the values of high subcritical water, as in hydrothermal vents, or in some high-T
serpentinization reactions, or impact heat, O2 is produced when high-LET alpha emitter’s
radionuclides are present.

Magnetite, Ferric Trihydroxide, Ferric Oxide Hydroxides and Hematite with No
Carbonates and No Sulfates as Products of the Oxic Hydrolysis of Ferromagnesian
Silicate Rocks at 25 °C and 350 °C

Upon the E-pH diagram drawn at low temperature, 25 °C, for total concentration of dissolved iron
10−6 mol.kg−1 (Pourbaix 1963), eq. (13) can be deduced for oxidation of Fe(II) by oxygen. The
iron end member of the ferromagnesian silicate can be oxidized into ferric iron, under the form of
dissolved goethite FeO(OH)H+, Fe(OH)2

+, below pH ~1.8, hematite at pH ~1.8 to 7.2 and
magnetite at pH ~7.2 to 8.5. The cation Fe(OH)2

+ is the dissolved species of Fe(OH)3(s) in acidic
water and the anion Fe(OH)4

− is the dissolved species in alkaline water, as described in §1.1.
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The E-pH diagram drawn at 350 °C and 25 MPa for 10−6 mol.kg−1 total concentration of
dissolved iron (Cook and Olive 2012), shows, below pH ~9.2, the same kind of shape than at
25 °C. Below pH ~4.2, the potential line of the O2/O

−− couple is higher than the potential line
of the Fe3+/Fe2+ couple; in the presence of O2, Fe(II) transforms into Fe(III) following eq. (14)
of Table 2 which is the same than eq. (13) at 25 °C, but at lower pH. There is production of the
dissolved goethite in its acidic form, Fe(OH)2

+, below pH ~1.9, hematite between pH ~1.9 and
~2.5 and magnetite between pH ~2.5 and ~4.2.

Calorimetric experiments as described in §1.1. for anoxic reactions show that after dehy-
dration, dissolved goethite can lead to hematite and traces of magnetite above 400 °C. The
following two experiments show also dehydration of goethite into hematite in oxic conditions.
Pure synthetic powdered goethite, α-FeO(OH) was progressively transformed into hematite, in
a flow of air heated up to 800 °C, with production of Fe2-x/3(OH)xO3-x, an intermediate phase.
"The thermal analysis showed that our sample had an excess of water (likely surface adsorbed
water) that is lost at approximately 70°C... the decomposition of goethite started at 200°C and
concluded at about 270°C... the structure of phase formed from the decomposition of goethite
was non-stoichiometric hematite... at 800°C, protohematite was almost completely converted
into hematite" (Gualtieri and Venturelli 1999). The dehydration of synthetic goethite heated in
air, has been also studied, by induced magnetization and X-ray diffraction, between 155 °C
and 610 °C. An intermediate spinel phase assigned to magnetite was observed between 255
and 405 °C and only hematite was found at 500 and 610 °C (Özdemir and Dunlop 2000).

Thus upon E-pH diagrams, ferromagnesian silicate terrains which contain radioactive rocks
and/or are submitted to cosmic radiation, lead to the formation of goethite/lepidocrocite,
hematite and magnetite. The endothermic reactions of hydrolysis of ferrous silicate (eq. 1,
1′, 1″, 5, 5′, 5″) have not to be considered for this oxidation, since water is oxygenated. Thus,
the exothermic reactions of carbonation are not necessary to produce the ferric compounds
from the anoxic endothermic hydrolyses, and carbonates are not formed. Consequently the
observation of goethite/lepidocrocite, hematite, magnetite without carbonates, in ferromagne-
sian silicate terrains containing radioactive rocks and/or submitted to cosmic radiation, leads to
the hypothesis that oxygenated water existed at that location either at 25 °C or higher, 350 °C.
Molecular hydrogen which formed during water radiolysis might have escaped in conditions
which are not necessarily hydrothermal.

Magnetite at 250 °C and Pyrite at 25 °C, Associated to Hematite, Ferric Trihydroxide,
Ferric Oxide Hydroxides, Sulfates and No Carbonates, as Products of the Oxic
Hydrolysis of Ferrous Monosulfide Rocks

From the ternary diagram drawn for the system Fe-S-H2O at 250 °C (Macdonald 1992)
equations representing the interaction with oxygen can also be extracted: eq. (15) which
shows transformation of hydrogen sulfides H2S and HS− into sulfate at pH 0 to ~8.5; eq.
(16) which shows transformation of ferrous sulfides FeS, such as mackinawite, troilite and
pyrrhotite, into magnetite at pH ~3.7 to 8 without considering oxidation of H2S into sulfate; eq.
(17) which shows transformation of magnetite into hematite at pH ~2.5 to 12; eq. (18) which
shows transformation of FeS into hematite at pH ~3.7 to 8 without considering oxidation of
H2S into sulfate. Eq. (19) summarizes the oxidation of FeS into magnetite, hematite and sulfate
in oxygenated water. The dissolved form of goethite, Fe(OH)2

+, not indicated in the dia-
gram, may also form in acidic pH, below ~3, following eq. (20). Eq. (16) represents the
oxidation of iron(II) monosulfide by oxygen at 250 °C. Enthalpy functions calculated at
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298.15 K and 1 bar and troilite, for this eq. (16) show that the reaction is exothermic (ΔrH
0 = −

5.70 kJ/mol of FeS) and proceeds spontaneously (ΔrG
0 = − 32.57 kJ/mol of FeS). An

hydrothermal system is not required to produce magnetite from mackinawite/troilite/pyrrhotite
at 250 °C, in the presence of oxygen as it is required for the anoxic hydrolysis.

The Macdonald 1992 diagram drawn at 25 °C, shows that in the presence of oxygen, the
sulfur S(−II) of iron(II) monosulfide is oxidized into the sulfur S(−I) of pyrite in a S-S bond, at
pH ~5 to 12 following eq.(21) and to magnetite only at very high pH > ~12. The diagram
shows clearly that magnetite is located far away in the high pH range above ~12 and that pyrite
in the presence of oxygen can be oxidized into hematite and ferric trihydroxide at pH below
~12 and into the acidic dissolved goethite Fe(OH)2

+ below pH ~4. Sulfate can form below pH
~3.6. Formation of dissolved goethite follows eq. (20) as at 250 °C.

The pyrite oxidation mechanism is complex since both the sulfur atoms of the dimer S(−I)22
− and the iron (II) are concerned and the redox equation difficult to write. A recent article
studies the process of adsorption of O2 and H2O on pyrite surfaces (Dos Santos et al. 2016)
and is related to the experiment conducted at ambient temperature and pH 5, which indicates
"water as the primary source of oxygen in the sulfate product, while the oxygen atoms in the
iron oxyhydroxide product are obtained from dissolved molecular oxygen" (Usher et al. 2004).
Following these experimental results and the E-pH diagrams, I suggest the redox eqs. (22) and
(23) for pyrite oxidation by O2 at low temperature, 25 °C and pH 5. Since the medium is acidic
the observed dissolved ferric oxide hydroxide should be under the species Fe(OH)2

+. As
written in eq. (23), one oxygen of Fe(OH)2

+ comes from dissolved molecular oxygen and one
comes from water. Two oxygen of the sulfate come from O2 (eq. 22) and two from water. Two
dimers S2

2−, with oxidation number − 1 for each sulfur atom, transform into one S(+VI) of the
sulfate and three S(−II) of the hydrogen sulfide. The global eq. (23) can be written. It shows
production from pyrite of sulfate and of the species goethite dissolved in acidic water. The
three H2S can further oxidize into sulfate upon eq. (15).

Thus, at 25 °C, iron(II) monosulfide is oxidized by oxygen mainly into pyrite and also
sulfates and hematite and goethite/lepidocrocite. At 250 °C, iron(II) monosulfide is oxidized
by oxygen mainly into magnetite and also sulfate, hematite and goethite/lepidocrocite.

On geological terrains, mackinawite/troilite/pyrrhotite oxidation by oxygen at low temper-
ature, ~25 °C, would lead mainly to pyrite and also to sulfates, and to deposits of goethite and/
or lepidocrocite FeO(OH) and hematite Fe2O3, which is dehydrated FeO(OH)H2O also
represented as Fe(OH)3. Magnetite instead of pyrite, would be deposited in hydrothermal
environments together with sulfates, hematite and goethite/lepidocrocite.

A related experiment shows that troilite oxidation in oxygen-bearing acidic solutions at
T ~ 35 °C, led at pH ~ 5 to poorly ordered solid phases assigned to sulfur-rich compounds such
as polysulfide, and to amorphous ferric trihydroxide, goethite, lepidocrocite and minor sulfate
(Chirita et al. 2008). The sample contained mostly pyrrhotite (Fe7S8) and troilite (FeS), together
with minor amounts of pyrite (FeS2). It is suggested that as the reaction advances "the formed
polysulfide can undergo a rearrangement" and that an increase in "the amount of dissolved iron and
pH leads to precipitation of amorphous Fe(OH)3, lepidocrocite and goethite". This experiment is
related to eq. (21) which represents the oxidation of troilite with production of pyrite, which in turn
oxidizes following eq. (22) and (23) to produce sulfate and the acidic form of dissolved goethite
Fe(OH)2

+ which leads further on to goethite/lepidocrocite and hydrated goethite FeO(OH)H2O
which is ferric trihydroxide. Thus the cited experiment confirms our theoretical results.

Another experiment on FeS oxidation at high temperature was conducted with magnetic
dipole moments measurements during heating of pyrrhotite rocks from Massif Central/France.
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It is demonstrated that magnetite forms at 400 °C: "Thermal evolution of susceptibility has
been followed in air or in vacuum with no substantial difference found" (Bina et al. 1991). This
experiment confirms our theoretical observation that magnetite forms in anoxic (eq. 11) and
oxic (eq. 19) oxidation of FeS at 250 °C.

Also magnetic dipole moments studies of iron meteorites containing troilite and pyrrhotite
heated in sealed tubes showed Curie temperature at 580 °C and X-ray analysis led to
magnetite. Since atmospheric pressure was low (P < 0.1 mmHg) this observation was reported
as difficult to understand (Lovering and Parry 1962). However, in our anoxic and oxic
discussions, we showed that magnetite form in both cases at 250 °C and not at 25 °C. It is
the temperature which is the dominant parameter for iron(II) monosulfide transformation into
magnetite. In the case of this experiment, which can be considered in anoxic conditions,
eq.(11) can most probably be evoked.

Finally, oxidation of magnetite in air which was heated at 750 °C to 900 °C, resulted in
hematite formation (Monazam et al. 2014).

Geobiotropic Signatures

The minerals that we have found in association with release of H2, as products of anoxic and oxic
alteration of ferromagnesian silicate and iron(II)-monosulfide rocks, are summarized in Table 3.
Our analyses seem widely confirmed by results of ancient and recent experiments. Thus it is
plausible to write that minerals of Table 3 are geological signatures of anoxic and oxic hydrolyses.
We show that magnetite is not a direct product of the high-T (350 °C) serpentinization process, but
rather a product of the low-T (25 °C) serpentinization at a specific pH around 8.5 (§ 1.1.), and that
the product of the anoxic hydrolysis at 250 °C and low pH ~3.5–8 of iron(II) monosulfide,
mackinawite/troilite/pyrrhotite is magnetite and at 25 °C pyrite (§ 1.2).

Iron(II)-monosulfides can mix in geological terrains with ferromagnesian silicates and their
endothermic hydrolyses can proceed in symbiosis with the exothermic alteration of ferromagnesian
silicates bywater and carbon dioxide. This formation ofmagnetite at low-Tand not at high-T in the
serpentinization reaction is to our knowledge not yet reported in the literature, as the hydrothermal
formation of magnetite from troilite in the absence of oxygen is not yet reported either.

Table 3 Geological signatures of anoxic and oxic alteration of Fe(II)Mg-silicates and Fe(II)-monosulfides
rocks

Type of rocks
interacting with water

Minerals formed
at 25 °C

Minerals formed at 250–350 °C:
geobiotropic minerals

O2 absent in water
Fe(II)Mg-silicates 1. Fe-phyllosilicates

Fe3O4 at pH 8.5
2. Fe(III)-phyllosilicates at 350 °C,

pH > 11.5
Fe(OH)3, FeO(OH), Fe2O3

Fe3O4 (traces), FeMg-carbonates
Fe(II)-monosulfides 3. FeS2 4. Fe3O4

O2 present in radiolyzed
water

Ferromagnesian silicate 5. Fe3O4

Fe(OH)3, FeO(OH), Fe2O3

6. Fe3O4

Fe(OH)3, FeO(OH), Fe2O3

Iron(II) monosulfide 7. FeS2
Fe(OH)3, FeO(OH), Fe2O3

sulfates

8. Fe3O4

Fe(OH)3, FeO(OH), Fe2O3

sulfates
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When the minerals of Table 3 are produced in hydrothermal conditions, they can lead to the
formation of CO and components of life as described in the introduction. In our purpose to
determine minerals inside rocks which are signs that prebiotic chemistry occurred at the same
location or nearby, we retain the anoxic hydrothermal (350 °C) alteration of ferromagnesian
silicate rocks with release of H2. We also retain the anoxic oxidation of iron(II) monosulfide at
elevated temperature (250 °C) with release of H2. And we retain the oxic oxidation at high-Tof
ferromagnesian silicate rocks and iron(II)-monosulfide rocks, with release of H2 from
radiolyzed water. Theses four cases are summarized on the right column of Table 3.

As described in the introduction, synthesis of amino acids following the experiments
conducted by K. Kobayashi, requires the presence of CO instead of CO2. And we reported
experiments that produced CO from high temperature hydrogenation of CO2 (Fu and Seyfried
2009; Chen et al. 2000). Thus in geological terrains, CO forms when hydrogenation of CO2 may
happen in hydrothermal conditions. During asteroidal impacts at the surface of celestial objects,
or inside veins, faults, niches, fractures, pores, cavities of rocks and apolar high-pressure high-
temperature water, or supercritical water, H2, CO2 and N2 can concentrate (Bassez 1999, 2003):
"The nature of high-pressure water, with its apolar dimers, could be the necessary environmental
condition to concentrate the elementary molecules and trigger prebiotic chemistry. Reactions
could occur inside cavities acting as chemical reactors or on rock surfaces. Indeed, chimneys are
formed from dissolved minerals that precipitate when superhot water meets cold ocean water. It
is highly likely that this solid deposition occurring at the turbulent interface between superhot
and cold water would create a spongy solid with microcavities and nanochannels of fractal
dimensions as well as larger size cavities... " This scenario that I proposed earlier can apply to
different kind of geological sites: meteorites, hydrothermal vents, the surface of the Jupiter’s
moon Europa and the surface of the Saturn’s moon Enceladus, underneath their ocean, and also
perhaps Pluto...CO can be produced in hydrothermal conditions and sufficient vapor pressure
may be available to initiate prebiotic reactions. Consequently, components of life may form in
geological terrains where concentration of H2, CO2 and N2 occurs in hydrothermal conditions
and where an excitation source is available. Kobayashi experiments were conducted with
350 Torr CO, 350 Torr N2 and liquid water producing 20 Torr gaseous water. Following this
experiment, the question of the origin of components of life might be reduced to the question:
where molecular hydrogen forms in hydrothermal conditions and produce CO in equal amounts
of N2 in the presence of little amount of water and excitation sources? The two anoxic
hydrolyses/oxidations of ferromagnesian silicates and iron(II)-monosulfide rocks analyzed re-
spectively at 350 °C and 250 °C, release molecular hydrogen in hydrothermal conditions. They
can lead to the synthesis of organic molecules of biological interest, when CO2 and N2 are
available in the presence of excitation sources and little amount of water. Rocks hydrothermally
altered in the absence of oxygen, leave products of alteration which become mineralogical signs
of prebiotic chemistry. They are summarized in the cases 2 and 4 of Table 3.

The four oxic hydrolyses/oxidations of ferromagnesian silicates and iron(II) monosulfide
rocks at 25 °C and 350–250 °C, do not release H2. However H2 is produced and released by
radiolyzed water. When hydrothermal conditions are available, for instance during shocks or
impacts of extraterrestrial objects, or inside hydrothermal systems, CO can form and also lead to
the synthesis of organic molecules of biological interest. When these molecules are blown away
and deposited nearby inside shelters, they avoid decomposition by the radiolyzedwater which lies
beneath the location of their synthesis. Thus rocks hydrothermally altered by the radiolyzed water
and the hydrothermal conditions, leave products of alteration which are mineralogical signs of
prebiotic chemistry deposited nearby. They are summarized in the cases 6 and 8 of Table 3.
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The process of water-rock interaction producing signs of prebiotic chemistry could be
named prebiotic mineralogy. This name would include the mineralogy before the emergence of
life but does not show precisely that the alteration of minerals is linked to the synthesis of
components of life. Thus, I prefer the word geobiotropy to represent the physico-chemical
evolution of rocks in association with the formation of molecules of biological interest and I
first introduced this term at the LPSC’2016 (Bassez 2016). Geobiotropy is a word constructed
with the Greek word ἡ τρoπή used by Plato and Aristotle to mean evolution and by R.
Clausius (Clausius 1868) in his concept of entropy. Cases 2, 4, 6 and 8 of Table 3 represent
geobiotropic signatures which are formed in the process of geobiotropy.

Following the prebiotic synthesis demonstrated in Kobayashi experiments, terrains which can
synthesize chains of amino acids must produce H2 in an hydrothermal environment of CO2, in the
presence of N2 and either radioactive sources or cosmic radiation. Geobiotropic signaturesmay be
ferric phyllosilicates, ferric trihydroxide, hematite and/or ferric oxide hydroxides including
goethite and lepidocrocite, associated with Fe,Mg-carbonates in anoxic ferromagnesian silicate
terrains, and magnetite without carbonates in anoxic iron(II) monosulfide terrains, and magnetite,
hematite, ferric trihydroxide and/or goethite, lepidocrocite, without carbonates associated or not
with sulfates in oxic terrains, as summarized in Table 3. These signatures indicate that H2 has been
produced and that COmay have formed in the heat released by ferromagnesian silicates alteration
or impacts. Since hydrothermal conditions are required to form H2 and CO, the mineral signature
pyrite, which appears to be formed at low-T, is not relevant for search of components of life which
are synthesized as described above.

Geological Terrains

Mawrth Vallis on Mars

Plausible scenarios are the following. Troilite is proposed to be formed in the primordial nebula
(Lauretta et al. 1997; Tachibana and Tsuchiyama 1998; Ciesla 2015). When condensates of the
primordial nebula under the form of asteroids and meteorites, fell on objects such as Mars, iron
sulfides might be delivered and within the heat of the impact they might transform mainly into
magnetite, and also into hematite, ferric trihydroxide, goethite/lepidocrocite and sulfates, follow-
ing eqs. (15) to (20) of Table 2 and case 8 of Table 3, by the action of the oxygenated water which
is radiolyzed by high-LET cosmic radiation. The hydrogen produced in the radiolyzed water
escaped above liquid water and produced CO in the hydrothermal conditions of the impact which
might have set water in high temperature or supercritical state. Chains of amino acids formed in
the presence of N2, were blown away by the wind and deposited nearby in non-oxidizing areas,
where they became sheltered by protective layers and/or inside faults, veins, fractures, cracks.
Consequently, components of life may be found in the vicinity of Martian terrains where the
geobiotropic signatures mainly magnetite and also hematite, ferric trihydroxide, goethite,
lepidocrocite are observed in association with sulfates.

Anoxic oxidation of ferromagnesian silicates can also happen in protected layers, following
case 2 of Table 3 and producing Fe(III)-phyllosilicates, iron oxide hydroxides and FeMg-
carbonates. This may be the case of Mawrth Vallis. The Mawrth Vallis region on Mars, 22–
25°N, 17–21°W shows a general trend of 100–200 m Fe3+-rich smectite phyllosilicates and
ferric oxide/hydroxide species overlain by a 5–10 m ferrous phase most frequently mixed with
the lower Fe3+-smectites and sometimes mixed with the upper 10–50 m layers of Al/Si rich
unit composed of Al-smectite phyllosilicates, kaolin-group minerals, hydrated amorphous Al/

470 Bassez M.-P.



Si minerals, ferric oxide/hydroxide components and possibly gibbsite and Fe-OH-bearing
sulfates such as jarosite. Ferric oxide bearing materials are associated with the lower and
upper units. The upper layer is covered with a few-meters thick cap rock (Loizeau et al. 2010;
Bishop et al. 2013). The phyllosilicates-rich outcrops are mainly on the west side, around the
Oyama crater and there is higher abundance of olivine and pyroxene in the Fe/Mg-
phyllosilicate-rich outcrops than in the Al-phyllosilicate-rich outcrops (Gou et al. 2015).

Observation of carbonates is difficult on Mars. Mg-carbonates are detected at Mac Laughlin
crater, about 300 km SWof Mawrth Vallis. It may be plausible that carbonates were formed at
Mawrth Vallis, but not yet detected. Thus, the Fe(III)-phyllosilicates et Al(III)-phyllosilicates
and the ferric oxides hydroxides detected may be the products of anoxic alteration of
ferromagnesian silicates rocks as described in case 2 of Table 3. In the upper layer of Mawrth
Vallis, Al-clay phyllosilicates are observed. The detailed structure of these phyllosilicates may
be of the kind (AlIII,FeIII)2Si2O5(OH)4 or (Al

III,FeIII)2Si4O10(OH)2 which would be a proof of
the hydrolysis and dehydration of Mg-silicates respectively as discussed in §1.1. and conse-
quently a proof of the presence of Mg-silicates and of high exothermic reactions of hydrolysis
and carbonation. Thus the upper layer with its Al-clay phyllosilicates and ferric oxide/
hydroxide species may be an area of anoxic ferromagnesian silicates alteration (case 2 of
Table 3) which was protected by the observed cap rock. In the case where these Mg-silicates
were not protected from cosmic radiation, then oxidation of case 6 of Table 3 would have led
to magnetite deposits which would be detectable. Thus in the protected upper layer, H2 has
also most probably been released and components of life may have formed when CO2 and N2

were available above liquid water in niches, cavities, fractures of the rock. The excitation
source may have been cosmic radiation when the synthesis occurred at the limit of the cap
rock. If sulfates are present, such as jarosite which is the ferric sulfate KFe(III)3(SO4)2(OH)6,
they may be remnants of the oxic oxidation in radiolyzed water of some iron(II) monosulfide
deposited on the surface by meteoritic impact, as shown in §2.3. and cases 7 and 8 of Table 3,
or mixed with the ferromagnesian silicates.

In the sublayers of Mawrth Vallis, which are not submitted to cosmic radiation, a radionu-
clide may act as source of excitation. Fe(III)-phyllosilicates and ferric oxide hydroxides, i.e.
goethite/lepidocrocite are detected, thus H2 has most probably been released following
hydrolysis of olivine and pyroxene and case 2 of Table 3. Future detection of radionuclides
may evoke the possibility of components of life formation when CO2 and N2 were available
above liquid water.

Meteorites, Asteroids and Comets

An allusion to precipitation of magnetite from an aqueous solution of ferrous iron has been
proposed without explicit demonstration to explain magnetite-sulfide nodules which are over-
grown by compositionally pure magnetite in the CV meteorite Mokoia (Brearly and Krot 2013).

Carbonaceous chondrites meteorites contain prebiotic organic matter abiotically synthesized
associated with magnetite, for instance, the Tagish Lake meteorite (Herd et al. 2011). Four
specimens were analyzed. They are composed of olivine- and pyroxene-bearing chondrules in
a porous matrix of phyllosilicates, sulfides, magnetite and carbonates. The total abundances of
amino acids decrease in the order 5.6 ppm for 11 h specimen, 0.9 ppm for 5b, 0.04 ppm for 11i
and under detection limit for 11v, with an abundance of the nonprotein amino acid α-
aminoisobutyric acid in specimen 11 h of 0.2 ppm, while an earlier analysis of D/L-α-ABA
reported the value of 84 ppb (Kminek et al. 2002) and another analysis reported a total amount of
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amino acids less than 0.1 ppm (Pizzarello et al. 2001). Glycine is the most abundant amino acid in
11 h and upon the isotope value δ13C = +190/00 it is suggested to be of extraterrestrial origin. In
11 h, the enantiomeric ratios of alanine,β-amino-n-butyric acid and isovalinewere racemic, while
nonracemic isovaline was detected in 5b, with an L-enantiomeric excess ~ 7%, and no isovaline
was identified in 11i. An hydrothermal alteration inside the parent body is proposed. The above
reported mineral assemblage can be representative of the anoxic hydrolyses and carbonations of
the ferromagnesian silicates associated with the hydrolysis of iron(II) monosulfide, with produc-
tion of hydrothermal H2, as described in Table 1 and eqs. (10) and (11) of Table 2 and in cases 2
and 4 of Table 3. As discussed in §1.1., magnetite may not be the direct product of the hydrolyses
of the ferromagnesian silicates, but rather of hydrothermal transformation of iron(II) monosulfide
in the absence of oxygen. The production of H2 in an hydrothermal environment may have
formed CO and consecutively amino acids as racemic amino acids were synthesized in laboratory
(Kobayashi et al. 1998).

The presence of volatile glycine accompanied bymethylamine and ethylamine is reported in the
coma of the comet 67P/Churyumov-Gerasimenko: "Glycine is most probably released from dust
grain mantles which heat up in the coma" and "mostly correlated to cometary outbursts near
perihelion" (Altwegg et al. 2016). Glycine observations indicate an association with dust particles
which "could contain typical silicates like olivine and pyroxenes, as well as iron sulfides"
(Hilchenbach et al. 2016).Water and carbon dioxide are detected (Migliorini et al. 2016).Molecular
nitrogen is also detected but the cometary N2/CO ratio is depleted by a factor of about 25.4 ± 8.9 as
compared to the value derived from protosolar N and C abundances^ (Rubin et al. 2015).

Sublimation of glycine has been studied at specific temperatures and pressures (Bassez
1981) and can give information on the conditions for potential hydrolysis of the dust grains.
Thus, I plan to study the recent data on 67P/Churyumov-Gerasimenko more in detail.

Hydrothermal Venting Fields

Other terrains may be representative of ferromagnesian silicate and iron(II) monosulfide rocks
hydrolyses. For instance I suggest the hydrothermal sites observed on the ocean spreading
ridges, such as the active high-temperature Rainbow hydrothermal site which is ultramafic
hosted and located at 36° 14 N, 33°54 Won the MAR, Mid-Atlantic Ridge, at a water depth of
~2300 m. As the high-temperature vent fields Logatchev (14°45′N, 2900 m, 360 °C) and TAG
(26°N, 3650 m, T = 360°), Rainbow is located slightly off-axis of the volcanic zone, a few
kilometers away from the ridge axis (Mc Caig et al. 2010). Sulfide chimneys vent fluids at
~365 °C and pH 2.8, with high Cl (750 mmol.kg−1), Ca (66.6 mmol.kg−1), H2 (16 mmol.kg−1),
CH4 (2.5 mmol.kg−1), N2 (1.8 mmol.kg−1), H2S (1.2 to 1.4 mmol.kg−1), CO (5 μmol.kg−1), 16
to 29 straight chains of saturated hydrocarbons. SO4 and Mg are absent. (Charlou et al. 2002,
2010). Vent fauna is distributed in areas where vent fluids and seawater mix, at temperature
between ca 3 °C and 13 °C (Desbruyères et al. 2001).

The off-axis Lost City field, located at a water depth ~ 750 m, 15 kmWof the MAR axis, at
30°07′N, 42°07 W, vents fluids with near sea water Cl concentrations (542 mmol/kg), Ca
(30 mmol.kg−1), H2 (15 mmol.kg−1), SO4 (1 to 6 mmol.kg−1), CH4 (1–2 mmol.kg−1), N2

(0.5 mmol.kg−1), H2S (0 to 0.22 mmol.kg−1), low molecular weight hydrocarbons, archae,
bacteria, macrofaunal communities, calcium carbonate aragonite/brucite chimneys and very
poor content of CO2 and Mg, in a geological setting of serpentine, talc and carbonate veins.
Venting temperature rises up to ~90 °C, pH values are 9 to 12.1 (Kelley et al. 2005; Charlou
et al. 2010; Seyfried et al. 2015).
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Amino acids are observed inside rocks and fluid samples of the venting fields. They are
observed inside two peridotite rock samples which have been dredged on the ocean floor of the
Logatchev and Ashadze hydrothermal sites and upon a gas chromatography/mass spectrom-
etry analysis, GCMS, they are inferred to be of biotic origin (Bassez et al. 2009). Dissolved
free amino acids are detected in 31 hydrothermal fluid samples of high-T ~ 350 °C and low-
T ~ 18 °C venting sites of the MAR, with higher amount than the levels typically found in the
deep sea (Klevenz et al. 2010). Amino acids are also detected in the Lost City white vent fluids
in greater amount than in seawater and in the plume and it is observed that fluids that are low in
hydrogen have higher content of hydrolysable polymers of amino acids (Lang et al. 2013).
Amino acids are also detected at other sites than the MAR, for instance polymers of amino
acids are detected in the vent fluids (pH ~3.3) of the southern Mariana Trough, at 12°55′N,
143°39′E, on an off-axis seamount, and their concentration increase with temperature up to
~243 °C (Fuchida et al. 2014).

Both Rainbow and Lost City fields are hosted on ultramafic terrains and vent high amounts of
H2. However they differ on depth, vent temperature, pH, sulfate content only at Lost City, carbonate
chimneys at Lost City and sulfide chimneys at Rainbow. The concentration of H2S in Lost City is
very low, ≤ 0.2 mmol.kg−1, compare to the other high T, low pH (3 to 4) vent fields located on the
MAR (Ashadze, Logatchev, MARK, TAG, Broken Spur, Rainbow, Lucky Strike and Menez
Gwen) where concentrations of H2S are reported to be between 1.2 and 11 mmol.kg−1 (Edmonds
2010; Charlou et al. 2010). Thus the origin of the low- and high-pH fluids seems chemically
different. In the next paragraphs, I attempt to understand this difference in pH on a geological basis.

Detachment faults are observed at the high-T, low pH fields Rainbow, Logatchev and TAG.
The TAG, Trans-Atlantic Geotraverse field in the rift valley of the MAR, is underlain by
hydrothermally altered basaltic rocks. It has been geologically studied in detail. A massive
sulfide mound (200 m diameter, 35–50 m high) is surmounted by venting black smokers
chimneys. It is populated by a vent ecosystem, mainly shrimps (Mc Caig et al. 2010; Rona
2010). TAG lies on an active hanging wall, or upper layer, of a detachment fault which
penetrates until beneath the neovolcanic axis over a depth interval of ~3–7 km below seafloor,
with a steep dip (70°) (deMartin et al. 2007). It has been proposed that processes for
maintaining TAG long-lived hydrothermal circulation are tectonic rather than volcanic, be-
cause of plausible reactivation of the hanging wall permeability due to the fault movements
(Tivey et al. 2003). Gabbro and diabase outcrops from the footwall are exposed on the eastern
rift valley wall (Fig. 8 of Tivey et al. 2003, Fig. 2 of deMartin et al. 2007). A 125 m drill in the
TAG’s mound shows that the mound is composed of basalt and four different kind of breccias
made of pyrite, calcium sulfate anhydrite, quartz-sulfide and quartz-chlorite, underlain by
basalt at depth (Tivey and Dyment 2010).

It is known that gabbro rocks may contain sulfide inclusions. For instance, a recent article
discusses the presence of sulfide in rocks which contain the silicates garnet
(Ca,Fe)3(Al,Cr)2(SiO4)3 and lawsonite, CaAl2Si2O7(OH)2.H2O (Brown et al. 2014). These
minerals may be present in gabbros. I suggest that inside the hanging wall, below the TAG field,
hydrothermal fluidsmay percolate through cracks and fractures of the basalt and gabbro rocks and
interact with the ferrous sulfides of the inclusions, producing magnetite and dissolved H2S at low
pH (3.5 to 8 at 250 °C) following eq. (11) of Table 2. Reaction (11) which is endothermic as
discussed in §1.2 is deduced from a E-pH diagram at 250 °C. It can proceed within the high-
temperature subseafloor fluids and may be at the origin of the low pH 3.1 of the field, the
magnetite deposits and the release of H2S. Consequently, as I proposed earlier (Bassez 2013;
Bassez 2016), it may be suggested that it is the hydrolysis/oxidation of ferrous sulfide in the
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absence of oxygen (eq. 11) and not the hydrolysis/oxidation of ferromagnesian silicate, which
contributes to explain the low pH values 3–4 and the H2S concentration between 1.2 and
11 mmol/kg, observed at all high-T, low-pH fields. If this suggestion is plausible, magnetite
deposits would occur inside the mound below the TAG field, in the hanging wall of the
detachment fault, where the fluid percolates hydrothermally. This part of the TAG area should
thus be more magnetized. Indeed, magnetic tests conducted on two samples of the mound show
the Natural Remnant Magnetization (NRM) typical of basalt (10 A.m−1) and higher magnetic
susceptibility with Curie temperatures of 500–540 °C (Tivey and Dyment 2010). Since the Curie
temperature of magnetite is 580 °C, I suggest that these magnetic rock analyses of the TAG
mound prove the presence of magnetite deposits in the hanging wall and I suggest iron(II)
monosulfide such as mackinawite/troilite/pyrrhotite oxidation to be at the origin of these deposits.

The same circulation of fluids through iron sulfide containing rocks may occur at
Logatchev and Rainbow. The Logatchev detachment footwall, is composed mainly of ultra-
mafic rocks with gabbroic intrusions (Mc Caig et al. 2010, Fig. 3). At Rainbow, the venting
chimneys are composed of iron sulfides. They are of two types, either pyrite FeS2 /sphalerite
ZnFeS/ chalcopyrite CuFeS2, or pyrrhotite FeS / Fe-sphalerite /chalcopyrite. They emerge
from superposed layers of sulfides, mainly pyrite and pyrrhotite, which contain coarse-grained
magnetite. The basement layer contains serpentinised peridotite with olivine, pyroxene,
serpentine, carbonates veins and dust-like euhedral grains of magnetite (Marques et al.
2006). A magnetic survey of the Rainbow site conducted in 2001 shows a strong positive
magnetic anomaly, with magnetization up to 35 A.m−1, on the western side of the field,
compared to the 10 A.m−1 in other areas (plate 7 of Tivey and Dyment 2010). Thus the TAG
same process of hydrothermal percolation from the detachment fault through deep iron sulfide
containing rocks may occur at Rainbow and also at Logatchev.

Consequently, as I propose above, the hydrolysis/oxidation of ferrousmonosulfide in the absence
of oxygen (eq. 11) may contribute to explain the low pH 3–4 and H2S concentration (2–
11 mmol.kg−1) observed at all high-T, low-pH venting fields and also their local positive magnetic
anomalies.

It seems that the high pH Lost City venting fluids would be preferentially represented by
the hydrolysis of ferromagnesian silicates. Essential differences in physico-chemical compo-
sition, with the high-T, low-pH fields are: very low H2S concentration, 0 to 0.22 mmol/kg, low
fluid temperature, up to 90 °C and high pH, 9–12.1 Hydrolyses in the absence of oxygen, of
the iron silicates fayalite and ferrosilite, following eq. (10) deduced from E-pH diagrams, lead
to high pH ~11.5 to 14 at 350 °C. Lost City would thus rely more on serpentinization processes
with cooling of the uplifted fluids. However, Lost City fluids contain SO4 which is usually
produced through oxidation of H2S by oxygen. This dilemma about the presence of oxygen
may be solved considering oxidation by oxygen produced in water which would be locally
ionized. Since the S-isotope composition of sulfate (δ34S) at Lost City reaches the troilite value
of the Canyon Diablo meteorite, it may perhaps be suggested that sulfate is synthesized at
T ~ 150–250 °C following eqs. (15) to (19) of Table 2, from some occasional troilite available
in deep subseafloor near a radioactive source emitting high energy α-particles which locally
ionize water and produce oxygen. Several radioactive hotsprings are known on Earth. For
instance, the Paralana hot spring, located near Arkaroola in the Northern Flinders Ranges,
South Australia, shows uplifted uranium-rich granites and contains water at pH 7 and 60–
63 °C, bubbling gas with radon, an alpha-particles emitter and microbial mats. At Paralana,
water is believed to be heated by geothermal processes and radioactive decay (Anitori and
Henneberger 2004). Even if Lost City is mainly serpentinization driven, an alpha-particles
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radioactive source is not excluded to be a local supply of oxygen and formation of SO4. As
discussed in § 2.1, O2 is produced only if water is ionized by high energy particles.

Radioactive sources are most probably present inside rocks on the mid-atlantic ridge.
Potassium may be present in clays and only with a very low content in ultramafic rocks.
However, thorium and uranium are present as trace elements in most silicate rocks (Supper
et al. 2013). They are incorporated for instance as Th4+ and U4+ in thorite Th(SiO4), huttonite
(Th,U)(SiO4), coffinite U[SiO4,(OH)4] and cheralite [Ce,Ca,Th,U) (P,Si)O4], with U replacing
sometimes Th. Huttonite and cheralite are within the structure group of monazite [(REE)PO4]
(Hazen et al. 2009). REE is for Rare Earth Elements. Pleochroic halos are known around
radioactive monazite inclusions inside biotite (IAEA 2003). They are caused by the high-
energy alpha-particles 4He2+ emitted by 232Th and 238U decay radionuclides, and they are
commonly observed in the phosphates monazite, xenotime (YPO4) and apatite
Ca5(PO4)(OH,F,Cl) and in the silicates biotite, amphiboles and zircon. Biotite is a
phyllosilicate of the mica group K(Mg,Fe2+)3[AlSi3O10(OH,F)2], amphibole is a group of
double chain inosilicates (Mg,Fe)7Si8O22(OH)22, and zircon a group of neosilicate ZrSiO4.
Biotite is found for instance in the ultramafic alkaline rock biotite peridotite-porphyrite of the
Siberian Aldan shield, which consists of olivine, pyroxene and biotite (Chepurov 1974).
Recent experiments show radiohaloes surrounding the 1.8 Ga old Th-rich inclusions of
monazite (Ce0.40La0.22Nd0.12Pr0.04Sm0.03Th0.15U0.02Si0.02)PO4, in the TOT sheet silicate bio-
tite. Alpha-particles in the 232Th and 238U decay chains leave their source with an initial energy
of 4–8 MeV depending on the parent isotope and cause damage, reducing a homogenous
laterally continuous crystal into discrete domains of expansion and contraction and even
amorphization. Alpha-particles do not penetrate deeply and their effect stays around the
inclusion, creating crystal distortion (Bower et al. 2016). Thus any kind of alpha-emitter can
produce local water ionization and formation of O2 in the proximate circulating hydrothermal
fluids. Water locally radiolyzed can induce specific chemical synthesis as I proposed earlier
(Bassez 2003, 2008, 2009a, 2009b). For instance, water, CO2 and N2 may have been captured
in micro and nanopores located inside rocks, nearby a radionuclide alpha emitter. Their
concentration in the gas phase above the liquid pore water, may be sufficient to start a prebiotic
synthesis and produce amino acids, following Kobayashi experiments. After an indeterminate
number of years, these rocks may fracture, thus triggering more complex reactions.

We have thus attempted to explain the differences in temperature and pH values of the high-
T and low-T vents by considering the geological and magnetic environment coupled to
thermodynamic functions calculations for the elementary reactions of the serpentinization
process and to redox equations extracted from thermodynamic E-pH diagrams. We propose
that the endothermic mackinawite/troilite/pyrrhotite oxidation can proceed in symbiosis with
the exothermic serpentinization reactions of the ultramafic hosted low-pH hydrothermal vents
of the spreading ridges, and that it can contribute to explain the low pH values, the H2S
concentrations and the local positive magnetic anomalies. The process of water locally
radiolyzed is suggested to explain formation of sulfate at the high pH Lost City vent.

Conclusion

In this article, the results and the drawn tables are based on calculations of thermodynamics
functions and analyses of published E-pH diagrams. Four E-pH diagrams which were drawn
for corrosion purposes are analyzed: (Fig.7a p. 329 of Cook and Olive 2012, Fig.4 p. 312
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of Pourbaix 1963, Fig.1 and Fig.2 of Macdonald 1992). They are assembled in: (Bassez 2017a
and Bassez 2017b).

The results show that the anoxic hydrothermal hydrolysis/oxidation of iron(II)-monosulfides
leads to pyrite and H2 at 25 °C and to magnetite and H2 at 250 °C, and that this last endothermic
reaction may occur within the heat produced by the hydrolyses and carbonations of ferromagne-
sian silicate rocks. It is suggested that this FeS anoxic oxidationmay also happenwithinmagmatic
or impact heat. Upon the results of our analyses which are confirmed by various laboratory
experiments, it is shown that the anoxic hydrolysis of ferrous silicates leads mainly to Fe(III)-
phyllosilicates, ferric trihydroxide, goethite, lepidocrocite, hematite and FeMg-carbonates. Mag-
netite is a secondary product. It can be produced when iron(II)-monosulfides are mixed with
ferromagnesian silicates. Molecular hydrogen is thus produced in the serpentinization process
during anoxic hydrolysis/oxidation of ferrous ion not into magnetite, but into ferric trihydroxide,
goethite, lepidocrocite, hematite and Fe(III)-phyllosilicates, and also during anoxic hydrolysis/
oxidation of iron(II)-monosulfides into magnetite. The case of radiolyzed water is discussed.
When ferromagnesian silicates are hydrolyzed/oxidized at 25 °C and at 350 °C, in oxygenated
water, magnetite, hematite, ferric trihydroxide, goethite and lepidocrocite are formed. Oxic
oxidation of iron(II)-monosulfides at 25 °C leads mainly to pyrite associated to hematite, ferric
trihydroxide, goethite/lepidocrocite and sulfates, and at 250 °C mainly to magnetite instead of
pyrite, associated to the same ferric oxide/hydroxides and sulfates.

The anoxic hydrolysis of ferromagnesian silicate is proposed to explain the Fe(III)- and
Al(III)-phyllosilicates and the ferric oxide hydroxides observed at Mawrth Vallis on Mars. The
author shows the importance of the anoxic ferrous sulfide hydrolysis in objects which fell on
Earth such as the Tagish Lake meteorite in an attempt to explain their content and witnessed
effects. This reaction is also evoked to understand hydrothermal vents with low-pH, high-T,
high H2S contents and magnetic anomalies. The case of the comet 67P/Churyumov-
Gerasimenko is planned to be reported later.

As earlier, Marie Paule Bassez proposes that components of life may form as a result of
water rock interaction when hydrogen is released hydrothermally, in the presence of CO2, N2

and an excitation source such as those used to obtain prebiotic molecules frommixtures of CO,
N2 and H2O. The cases of H2 produced during ferromagnesian silicates and iron(II)-
monosulfides hydrolyses and during water radiolysis are discussed. M P Bassez proposes a
name, the geobiotropic signatures, for the minerals which witness this plausible formation of
components of life during the process of geobiotropy, the evolution from rock to life.
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