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A B S T R A C T   

Fougerite, the natural green rust, first discovered in soils and universally considered as responsible for the blue- 
green colour of gleys and an indicator of reducing conditions, has been recently considered as a key mineral for 
life’s emergence in the alkaline hydrothermal vents theory. It inherits all of the reactive properties of layered 
double hydroxides in its hydrated interlayer but also the specific reactivity of mixed Fe(II)-Fe(III) compounds, 
including redox reactivity with metals and metalloids. Along with its structural and compositional analogy with 
metallo-enzymes, all these properties have stimulated research on the possible role of fougerite as a membrane, 
and a catalytic engine, especially where gradients of pH, redox potential and temperature favour mixing of 
chemically contrasted reactants, such as at hydrothermal systems. Although the presence of fougerite, however 
difficult to detect, has never been reported at alkaline hydrothermal systems, we have thermodynamically 
evaluated whether the environmental conditions met in such modern oceanic systems are compatible with the 
formation of fougerite. Data on fluids from the Lost City hydrothermal field (30◦N, Mid Atlantic ridge, Seyfried 
et al. (2015)) support the reducing nature of this environment, close to the lower limit of stability of water at 
90 ◦C and 80 atm. Calculations show that equilibrium with amakinite, the rare ferrous analogue of brucite, is 
more likely than equilibrium with brucite. This allows for computing in situ pH values close to 8 and thus mildly 
alkaline, while pH measured on board on vent fluids at 25 ◦C is higher than 10. This is in favour of the occurrence 
of ferrous hydroxide deeper in the root of the hydrothermal system where temperature is higher and pH are 
lower compared to seafloor vents where the fluids discharge. Secondary oxidation of amakinite, thanks to the 
recurrent circulation of seawater in the hydrothermal conduits, will necessarily lead to fougerite formation. 

To deepen this question, several lines of investigation are finally proposed, including e.g., the stability of 
fougerite at elevated temperatures and pressures, its reactivity with key elements for life such as C, N, P, Mo, Ni, 
S etc. and its potential role for free energy conversion and basic functions of metabolism.   

1. Introduction 

Life relies on free energy sources that all derive from electrochemical 
tensions driving redox reactions organized in spatially separated com
partments. In biota, free energy available in the environmental is con
verted into chemical energy in the form of high ATP/ADP disequilibria 
via spatially organized chains building up electrostatic membrane 

potentials which in turn drive phosphorylation (i.e., ATP-generating 
enzymes). Metalloenzymes play crucial roles in these processes, hence 
the interest of structural analogies between active sites of these enzymes 
and specific minerals built up with the same metals and that could have 
occurred when life emerged on Earth (Williams and Fraústo da Silva, 
1997). From this perspective, fougerite is appealing, since it structurally 
resembles the iron-bearing active sites of several metalloenzymes likely 
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present already in our last common universal ancestor (LUCA), and in 
particular of the soluble form of methane (CH4) monooxygenase 
involved in microbial methane oxidation (Fig. 1) (Nitschke et al., 2013). 
Fougerite is the naturally occurring mineral featuring the overall 
structure of green rust, where Fe is present both as Fe(II) and Fe(III) in 
the octahedral hydroxide layer, where it can partly be substituted by Mg 
(II) (Trolard et al., 1996, 1997; Trolard and Bourrié, 2008). Fougerite 
can hence be seen as a partly oxidized member of a solid solution be
tween the ferrous hydroxide amakinite Fe(OH)2 and brucite Mg(OH)2. 
While brucite is a well-known mineral of common occurrence in alkaline 
hydrothermal systems, the importance of amakinite is likely 
underestimated. 

Amakinite is a rare mineral on Earth, first characterized in kimber
lites, and for which some substitution of iron by magnesium or man
ganese has been reported (Kozlov and Levshov, 1962; Fleischer, 1962; 
Sviridov and Yakovlevskaya, 1973; Anthony et al., 1997). Its occurrence 
has also been reported in oceanic serpentinites drilled below the Lost 
City alkaline hydrothermal field (Beard et al., 2009; Klein et al., 2009; 
Boschi et al., 2017), in carbonaceous chondrites (Pignatelli et al., 2016), 
and in sediments associated with water seeping from a dam, where a 
tubular hollow structure is considered as a living habitat for iron bac
teria (Sun et al., 1995). 

Iron and oxygen rich “Poorly-characterized phase” (PCP), a major 
constituent of carbonaceous chondrites was later identified in the 
Murchison meteorite belonging to the CM group of carbonaceous 
chondrites. PCP was associated with a complex intergrowth of cron
stedtite and tochilinite 6FeS – 5 Fe(OH)2, a regular interstratified min
eral composed of alternating mackinawite and brucitic layers 
(Nakamura and Nakamuta, 1996). In many PCPs, such as those found in 
the Murchison meteorite, brucitic layer is 100% Fe(OH)2, i.e., amakinite, 
which means that tochilinite is a regular interstratification of mack
inawite and amakinite. Amakinite was also observed in corrosion of steel 
in hot salt brines between 90 and 200 ◦C (Nagies and Heusler, 1998). 

The potential key role of fougerite has then been brought to the 
forefront for issues on life’s emergence on Earth due to the well- 
recognized catalytic properties of fougerite in organic and inorganic 
syntheses and its ion exchange properties (Nitschke and Russell, 2012; 
Russell, 2018; Branscomb and Russell, 2018a, 2018b). This interest for 
fougerite is in particular based on its potential presence in alkaline hy
drothermal vents (AHV) proposed as a potential locus for the emergence 
of primordial metabolisms on Earth. It is now increasingly recognized 
that vent environments may have been intimately connected with life’s 
emergence and evolution as demonstrated by fossils throughout Earth’s 
history (Georgieva et al., 2021). However, fougerite was neither directly 
identified in chimneys found in alkaline hydrothermal vents nor in the 
deeper conduits of the hydrothermal systems. 

The aims of this paper are then:  

1. to describe how fougerite was recently considered as a “must have” 
mineral in the submarine alkaline hydrothermal vents’ hypothesis or 
the origin of life;  

2. to review current knowledge on the structure and properties of 
fougerite and green rusts that are relevant in this context;  

3. to evaluate if the conditions met in modern alkaline hydrothermal 
systems, i.e., in the Lost City hydrothermal field are compatible with 
fougerite’s domain of stability, considering the substantially 
different redox conditions of the early Earth;  

4. to identify research questions that must be addressed to understand 
the role of fougerite in the reaction schemes proposed to have 
contributed to life’s emergence on Earth. 

2. A putative role of fougerite in the alkaline hydrothermal vent 
theory for life’s emergence 

It was recently argued based on thermodynamic arguments (Duval 
et al., 2020a, 2020b) that the crucial drivers making the emergence of 
life possible are processes in which environmental chemical disequilibria 
drive metabolic reactions uphill (i.e., promote endergonic reaction 
networks). From our understanding of extant life, it can be deduced that 
strong redox and pH gradients were already present in the primordial 
environments where life emerged. 

2.1. Black smokers vs. alkaline vents 

Hydrothermal vents on the ocean floor are intriguing due to their 
capability of furnishing locally very strong and persistent gradients of 
temperature, elemental concentrations, redox potentials and pH, as a 
result of the mixing between oxygenated seawater and reduced hydro
thermal fluids. These hydrothermal fluids result from continuous and 
multistage water-rock reactions all along their journey from the 
recharge zones to the roots of the hydrothermal system (down to about 
7 km deep) up to the discharge zones (i.e., the hydrothermal vents) 
(Andreani et al., 2013; Andreani and Ménez, 2019). Depending on the 
lithology of the rock with which the water interacts, two types of oceanic 
vents are commonly distinguished: 

1. the basalt-hosted “black smokers” characterized by high tempera
tures (up to 400 ◦C) fluids with highly acidic pHs (down to values of 
3), and high concentrations of dissolved metals and silica, as well as 
reduced sulphur species. When discharged in seawater, these 
reduced fluids cause the precipitation of Fe-Mn-Cu-Zn-Pb sulphides, 
hence the black colour of the plume and the associated chimney 
mineralogy found in such hydrothermal vents (Fouquet, 2011);  

2. the serpentinite hosted “alkaline vents” characterized by lower 
temperatures (up to 116 ◦C) (Seyfried et al., 2015), and higher pHs 
(around 10). Compared to black smokers, discharged fluids are 

Fig. 1. Structural analogy between the active site of 
the soluble form of methane monooxygenase and the 
ferrous hydroxide amakinite (or “ferroan brucite”), a 
structural component of the brucitic layer of fouger
ite, a mixed ferrous and ferric hydroxide. A μ2-OH 
bond, with 2 OH ligands doubly bridging iron atoms 
is common to the active site of the enzyme and to 
amakinite octahedral layer, reproduced from 
Nitschke et al. (2013)(For interpretation of the col
ours in this figure, the reader is referred to the web 
version of this article.)   
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depleted in metals, but enriched in reduced compounds such as 
hydrogen, methane, and formate, HCOO− . Upon mixing with mod
ern seawater, this alkaline fluid precipitates carbonate-brucite 
chimneys, hence their whitish colour (Arndt, 2011). 

Whereas black smokers are found along fast spreading ridges and 
derive from interaction with mafic rocks, some alkaline hydrothermal 
vents such as in the studied site of Lost city result from the interaction of 
seawater with ultramafic mantle rocks that are enriched in iron 
compared to basalt (Schwarzenbach and Steele-MacInnis, 2020). The 
hydration of ferro-magnesian silicates (olivine and pyroxene) found in 
mantle-derived rocks is a process known as serpentinization, forming 
mainly serpentine, brucite, and iron oxides in the form of magnetite. 

It is postulated that first ferrous hydroxide (“a ferroan brucite” i.e., 
amakinite, Fe(OH)2(cr)) forms and is secondly oxidized (Beard et al., 
2009; Klein et al., 2009; Templeton and Ellison, 2020), hence leading to 
magnetite formation. The notation Fe(OH)2(cr) stands for a crystalline 
solid, while the notation Fe(OH)2(ppt) designates a precipitate whose 
crystallinity is not specified; Fe(OH)2(am) would designate a solid 
whose amorphous character is specified. Fougerite is likely to form as an 
intermediate in this process. Goethite, lepidocrocite, haematite, 
maghemite and magnetite have all been obtained by oxidation of Fe 
(OH)2(ppt), with either green rusts or ferrihydrite intermediate com
pound. Green rusts form when oxidation proceeds slowly with dissolved 
oxygen input, whereas ferrihydrite forms when oxidation is sudden, as 
by air entry input (Trolard and Bourrié, 2008). 

2.2. Abiotic genesis of amino-acids in alkaline hydrothermal systems 

Abiotic hydrocarbons and low molecular weight carboxylic acids 
were suggested to form abiotically as a consequence of the hydrothermal 
alteration of mantle derived rocks (Konn et al., 2009). Recently, abiotic 
amino-acid tryptophan (C11H12N2O2) was observed in association with 
Fe-rich saponite, a smectitic clay formed at temperature below 200 ◦C in 
deep ultramafic rocks underlying the famous alkaline hydrothermal 
vents of Lost City (Ménez et al., 2018). It potentially forms from ther
modynamically predicted pyruvate (C3H3O3

− ) and indole (C8H7N). 
Experimentally, pyruvate in the presence of green rusts and ammonia 
forms the amino-acid alanine C3H7NO2 and lactate along with minor 
acetate CH3COO− concentrations, under mild temperature conditions 
(up to 80 ◦C) and with redox conditions ranging between pe = 5 and 11 
(Barge et al., 2019). The nature of the end product, lactate and/or 
alanine depends on the oxidation state of the oxyhydroxide used (Barge 
et al., 2019). This type of reaction observed with Fe-bearing clay min
erals suggests they could occur too with layered double hydroxides such 
as fougerite, often improperly designated as anionic clay minerals. 

2.3. Alkaline hydrothermal vent hypothesis for life’s emergence 

In the submarine alkaline hydrothermal vents hypothesis for life’s 
emergence, the mineral interface between serpentinization derived 
alkaline hydrothermal fluids and seawater is considered to have pro
vided the conditions required for the emergence of life on Earth (Russell 
et al., 1989). In these venting systems, occurring at the seafloor, large 
and self-organized porous mineral structures form as the result of 
chemical and redox disequilibria in the discharge area where reduced 
vent fluids mix with mildly oxidized seawater (Barge et al., 2019). 

These structures would have consisted of redox-active minerals 
forming networks of interconnected cavities lined by either inorganic 
walls or amyloidal membranes (Duval et al., 2020a) within an insulated 
matrix of other minerals acting as barriers. It has recently been experi
mentally demonstrated that reduction of CO2 to formate using H2 as 
electron donor does occur in the presence of pH- and redox-gradients 
corresponding to those of the alkaline hydrothermal vents (Hudson 
et al., 2020). 

It has furthermore been suggested by Duval et al. (2020a) that redox- 

reactive and structurally flexible green rust fougerite nanocrystals may 
have formed electron- and anion-transporting pores within the electro
static and pH-barriers, possibly emulating the function of life’s enzymes 
that generate phosphate-transfer potentials (driving all metabolic re
actions of extant life) and hosting catalytic reactions crucial to early 
metabolism (Fig. 2). 

Mineral barriers may have created and maintained steep ionic dis
equilibria and fougerite-containing nanoparticles potentially partici
pated in the conversion of environmental redox energy into the chemical 
disequilibria driving metabolic processes in extant life (Duval et al., 
2020a). 

We are not sure whether the discussed structures need to be very 
abundant. It is even conceivable that a single cavity might be enough to 
spawn life. Oceanic alkaline hydrothermal vents were first discovered in 
two situations: (i) the Lost City-hydrothermal field, near the Mid- 
Atlantic Ridge at 30◦N (Kelley et al., 2001, 2005) and (ii) in the sea
floor of the Eyjafjordur, off the north coast of Iceland (Marteinsson et al., 
2001; Russell and Arndt, 2005). Since their present day stability is of 
several 10,000 years (Früh-Green et al., 2003), there is ample time for 
trying out all kinds of reaction schemes in the myriad cavities of each 
chimney. And yes, one might call these structures analogues of pre- 
biotic environments for the synthesis of organic compounds. The ulti
mate free energy driving all the considered reactions and processes 
would of course be the combined action of the electrochemical tension 
(i.e., volts of the barrier) and the pH-gradient (chemical potential). 

Although geochemical conditions of the Hadean/Archean ocean as 
well as global mineralogical composition of underlying rocks should 
have been different from the modern ones, one can consider Lost-City 
type alkaline hydrothermal vents as the closest known analogues of 
AHV of the Archean ocean regarding temperature, pH and redox gra
dients. They can consequently be used as a proxy of putative prebiotic 
environments. 

The favourable geochemical conditions for such a system are: a pH 
gradient ranging from values of the primordial ocean (about 5.5 to 6.5) 
to the ones of alkaline hydrothermal fluids (about 9 to 11) and a tem
perature gradient between the temperature of the Hadean/Archean 
ocean and the interior of the alkaline vents (i.e., from 70 ◦C to 120 ◦C) 
(McLeod et al., 1994; Halevy and Bachan, 2017). In the Hadean/ 
Archean ocean, total concentration of Fe2+ is supposed to have been of 
the order of 1 mM (Williams and Fraústo da Silva, 1997), i.e., much more 
abundant than today. In contact with alkaline vents, Fe2+ would have 
precipitated to form ferrous hydroxide (amakinite) and fougerite. 

These conditions were rarely used in experiments and the behaviour 
of green rusts under such conditions is poorly documented. However, 
recent works have started to explore experimentally the behaviour and 
role of green rusts in potential prebiotic environments: in “chemical 
gardens” (Stone and Goldstein, 2004), in Precambrian oceans, in the 
genesis of iron formations(Halevy and Bachan, 2017; Halevy et al., 
2017), and in experimental analogs of alkaline hydrothermal vents 
(Barge et al., 2019; Altair et al., 2021). The variety of processes that can 
be carried out by the different forms of fougerite and green rusts has 
already been the subject of the review by Usman et al. (2018). 

On this basis, it is possible to infer the main interactions between 
chemical elements and green rusts (Latta et al., 2015) that can be 
explored in the context of AHV scenarios for the emergence of life 
(Table 2, Fig. 8). 

3. Fougerite and green rusts 

3.1. Fougerite as an indicator of reducing conditions in soils 

Soil colour has long been closely related to the nature of the iron 
oxides they contain, more specifically to their degree of hydration, their 
redox state and their relative abundances (Taylor, 1981; Vysotskii, 
1999). Since the early development of soil science, the blue-green colour 
has been used as characteristic of reducing conditions, a universal 
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criterion in national soil classifications, e.g., in England and Wales 
(Avery, 1973), France (Baize and Girard, 2009), the USA (US Soil Survey 
Staff, 2010) and in the World Reference Base (WRB) proposed by the 
International Union of Soil Science (IUSS Working Group WRB, 2014). 
This blue-green colour turns into ochre when iron in soils oxidizes in 
contact with the oxygenated atmosphere (Vysotskii, 1999). This 
morphological feature, possibly related to microbial activity, has been 
attributed to the occurrence of mixed Fe(II)-Fe(III) compounds with a 
likely, but much debated, green rust structure (Taylor, 1981; Lewis, 
1997). 

Fe-bearing green rust, now homologated as fougerite, was first 
observed in 1996 in the Fougère’s forest (Brittany, France) in soils 
developed on a granitic arena under temperate oceanic climate (Trolard 
et al., 1996, 1997). It was then approved as a new mineral named fou
gerite by the International Mineralogical Association under number 
2003–57 (Trolard et al., 2007). 

The following conditions in these blue-green soils are necessary for 
the presence of fougerite (Trolard and Bourrié, 2008):  

• an excess of water;  
• limited oxygen sources;  
• the presence of bio-available substrates (carbon sources);  
• temperature conditions favourable to microbial activity;  
• the presence of Fe, that can record more or less irreversibly the 

variations in aerobic / anaerobic conditions. 

Beyond the site of Fougères in France, fougerite has rarely been 
directly identified in natural environments because of its small abun
dance, large reactivity and poor stability under an oxygenated atmo
sphere. However, minerals described in five other contexts can be 
ascribed to fougerite: (i) 4 mm below the surface of ochreous sediments 
in the drainage system of an abandoned coal mine (South Wales, UK) 
(Bearcock et al., 2006); (ii) in groundwater collected from an artesian 
well in a chalk aquifer or associated with deep fractures in an under
ground granite tunnel (Denmark) (Christiansen et al., 2009); (iii) close 
to the iron redoxcline of the ferruginous Matano Lake (Indonesia) with 
persistence in the water column and sediments (Zegeye et al., 2012); (iv) 
in CO2-rich soils associated with gas discharge (mofettes) during final 
stages of volcanic activity (Czech Republic) (Rennert et al., 2012); (v) at 
the subsurface oxic/anoxic interface in a metal-polluted uranium mine 

drainage (Thuringia, Germany) (Johnson et al., 2014). The presence of 
fougerite was also suspected in anoxic sediments drilled in the Marmara 
Sea: upon core retrieval, the blue-greenish colour of the sediment turned 
to ochre upon contact with the oxygenated atmosphere (Pierre Henry, 
CNRS, Aix-en-Provence, personal communication). 

3.2. Green rusts as intermediate Fe(II)-Fe(III) hydroxides 

As early as 1935, in an iron bar corrosion experiment, transitional 
blue-green compounds were observed during the progressive oxidation 
of Fe(0) (Girard and Chaudron, 1935). In steel corrosion, green rusts 
have been identified as intermediate products (Stampfl, 1969; McGill 
et al., 1976; Fonseca et al., 1998; Refait et al., 1998a,b). Their variable 
structure was characterized by solid state physics, and their stability was 
delimited using classical Pourbaix diagrams (Eh, pH), or equivalently 
(pe, pH) diagrams; pe is defined (Sillén, 1967) as: 

pe = − log{e − }, (1)  

in which {e-} is the activity of the electron, and related to the redox 
potential Eh by: 

pe = FEh/(ln10)RT, (2)  

where F is the Faraday constant and R the molar gas constant. 
Corrosion studies represent therefore a large corpus of green rusts’ 

thermodynamic and structural data (Misawa, 1973; Refait and Génin, 
1993; Drissi et al., 1995; Hansen and Koch, 1998; Refait et al., 1999). 
Pourbaix diagrams of chloride-, sulphate- and carbonate- green rusts are 
given below (Fig. 3) in standard temperature and pressure conditions, in 
pure chloride, sulphate or carbonate systems (Génin et al., 1998). Note 
that green rusts / amakinite (Fe(OH)2) transition occurs under alkaline 
and reducing conditions, just above the reduction of sulphate into 
sulphide. 

3.3. Mineralogical structures of green rusts 

Green rusts, including fougerite, belong to the larger family of the 
layered double hydroxide minerals, which consist of sequences of 
stacked layers of edge-sharing hydroxide octahedra (the so-called 
“brucitic layer”). All octahedral sites of the brucitic layers are 

Fig. 2. Interaction fougerite-milieu and resulting reactions in the interlayers in alkaline hydrothermal vents, modified from Russell (2018).  
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occupied by both divalent and trivalent metal ions (Allada et al., 2002; 
Sparks, 2003). The presence of trivalent ions in the octahedral layer 
generates an excess positive charge per formula unit, which is fully 
balanced by the negative charges carried by the interlayer anions A–n. 

Layered double hydroxides’ general structural formula can accord
ingly be written as: [M(II)1–x M(III)x (OH)2][x/n A–n ⋅ m H2O], in which 
M(II) can be Ca, Mg, Ni, Co, Zn, Mn and Fe while M(III) can be Al, Fe and 
Cr (Sparks, 2003). The interlayered anions can include hydroxyl OH− , 
chloride Cl− , bromide Br− , iodide I− , nitrate NO3

− , perchlorate ClO4
− , 

carbonate CO3
2− , sulphate SO4

2− , selenate SeO4
2− , oxalate C2O4

2− as 
well as lactate CH3–CHOH–COO− (Fig. 4). The interlayers are hydrated. 

In addition to fougerite, minerals with a layered double hydroxide 
structure include pyroaurite (with Mg(II) and Fe(III) in the brucitic 
layer, and CO3

2− in the interlayer), iowaite (Mg(II), Fe(III); Cl− ), 
hydrotalcite (Mg(II), Al(III); CO3

2− ) and meixnerite (Mg(II), Al(III); 
OH− ) (Trolard and Bourrié, 2008). The fact that layered double hy
droxides can accommodate different metals in their brucitic layer as well 
as different anions and variable water content in the interlayer makes 
them extraordinarily reactive and results in numerous studies address
ing their catalytic activity (Trolard and Bourrié, 2008, 2012). 

Bernal et al. (1959) proposed models for the green rusts’ structure 
(Fig. 4), which were subsequently refined by many other scientists 
worldwide. 

They distinguished two structures for these iron-bearing layered 
double hydroxides for which Me(II) = Fe(II) and Me(III) = Fe(III): GR1 
in which the anions are spherical (e.g., Cl− ) or planar (e.g., CO3

2− ) 
(Fig. 4a) and GR2 where interlayer anions such as SO4

2− have a three 
dimensional structure (Fig. 4b). Accordingly, the unit cell dimension c, 
defined as the distance between layers, is larger in GR2 than in GR1. 
Two water layers are also present in GR2 but only one in GR1 (Trolard 
and Bourrié, 2012). 

3.4. Specificity of the fougerite mineral from Fougères 

Fougerite is sparse in soils (total Fe2O3 content is only ca. 4 wt%) and 
thus difficult to analyze in soil matrix. When analyzed with X-ray 
diffraction, its main peak is very close to the main peak of kaolinite, 
which is widespread and more abundant. With particle sizes less than 
500 nm (Trolard, 2006), this labile nanomineral cannot be separated 
from other minerals (Feder et al., 2018). Its structure was nonetheless 
characterized by X-ray absorption spectroscopy (XAS) (Refait et al., 
2001), Raman spectroscopy (Trolard et al., 1997), as well as Mössbauer 
spectroscopy carried out both in the laboratory (Génin et al., 1998) and 
in situ in the field (Feder et al., 2005). Its characteristic texture was also 
highlighted using scanning electron microscopy (Trolard et al., 2007). In 
natural fougerite, Mg(II) substitutes partly for Fe(II). Evidence for the 
presence of Mg in the brucitic layer is supported by the XAS radial dis
tribution obtained for fougerite, which is an intermediate between the 
ones obtained for GR1 and for synthetic pyroaurite, i.e., between Fe(II)- 
Fe(III) and Mg(II)-Fe(III) hydroxy‑carbonates (Refait et al., 2001). 
Fougerite stacking sequence type is GR1 (Fig. 4a) and the structure of 
this ternary compound can be described by the general formula: [(Fe(II), 
Mg(II))1–x Fe(III)x (OH)2]+x [x/n A–n⋅m H2O]–x. 

The nature of the interlayer anion is relevant with respect to mass 
balances of anions, e.g., chloride as discussed below with respect to 
chloride-green rust versus iowaite formation, or carbonate, as carbonates 

(caption on next column) 

Fig. 3. Pourbaix diagrams of synthetic chloride- (top), sulphate- (middle) and 
carbonate- (bottom) green rusts. The diagrams were established for activities of 
Cl− , SO4

2− and CO3
2− of 0.1; − n refers to an activity of Fe2+ of 10− n; αFeOOH 

= goethite; γFeOOH = lepidocrocite; Fe(OH)2 = amakinite; modified from 
Génin et al. (1998).In black are indicated the ions in solution; in blue, the 
mineral phases and in green the species of the carbonate system to be consid
ered. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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are present in some hydrothermal environments. However, this results 
only in very small variations in the interlayer distance. Thorough fitting 
of X-ray diffractograms gives a value of 2.375 nm for the unit cell 
dimension c (Trolard and Bourrié, 2008), which favours OH− as the 
interlayer anion (Trolard and Bourrié, 2012), in the fougerite from 
Fougères instead of CO3

2− , as proposed in some studies (Génin et al., 
2005). If CO3

2− was the interlayer anion in fougerite from Fougères, c 
would be in the range 2.25 nm to 2.28 nm (Trolard and Bourrié, 2008). 
In addition, the soil solution of Fougères shows pH values of ca. 7, at 
which CO3

2− concentrations are too small to allow for equilibrium be
tween a carbonate GR (GR1-CO3) and the soil solution. Under these pH 
conditions, a mixture of hydrogeno‑carbonate and carbonate ions can be 
theoretically present in the fougerite interlayers but in Fougères, soil 
solutions are undersaturated with respect to (HCO3

− /CO3
2− )-green rust, 

while they are always oversaturated with respect to hydroxyl-bearing 
green rust (GR-OH). Moreover, when fougerite oxidizes, it transforms 
into lepidocrocite, an oxyhydroxide that cannot form in the presence of 
carbonate ions (Schwertmann and Fechter, 1994). 

This does not preclude the possible formation of carbonate-fougerite 
under neutral to alkaline and reduced conditions or of chloride- or sul
phate- fougerite under saline and reduced conditions. 

3.5. Domains of composition and thermodynamic data of green rusts and 
fougerite 

3.5.1. Domain of composition of fougerite and green rusts 
Green rusts are characterized by a variable Fe(III)/Fetotal ratio 

ranging between 1/4 and 1/3, as determined by Mössbauer spectros
copy (Cornell and Schwertmann, 2003), supported by XAS in
vestigations (Refait et al., 2001), and constrained by structural 
considerations (Trolard et al., 2007). Larger ranges of Fe(III)/Fetotal 

ratios have been experimentally observed, but they are related to 
changes in the crystal structure occurring when Fe(III) occupies neigh
bouring octahedra. This comes with a violation of Vucelič’s rule, how
ever compensated by a loss of protons by some of the structural OH 
forming the brucitic layer (Génin et al., 2005). This corresponds to an 
oxolation process, forming Fe-O-Fe bonds instead of Fe-OH-Fe bonds 
(Jolivet, 2000; Bourrié et al., 2004), and leads to iron proto- 
oxyhydroxides, that are precursors of lepidocrocite and haematite, but 
do not strictly correspond to green rusts. 

Similarly, the compositional stability domain of the fougerite from 
Fougères (Fig. 5) has been constrained by Mössbauer spectroscopy, 
electron microprobe analyses, and by taking into account the Vucelič’s 
rule and the fougerite solubility (Trolard et al., 2007). The range of Fe 
(III)/Fetotal ratio, spanning from 1/4 to 2/3, is given by Mössbauer 
spectroscopy; the Fe(III)/(Fe(II) + Mg) mole ratio cannot be smaller 
than 1/4 as both ferrous hydroxide and magnesium hydroxide are highly 
soluble and a minimum number of Fe(III) ions in the brucitic layers is 
necessary to stabilize the structure. Conversely, this ratio must not be 
larger than 2/3 for each Fe(III) ion to be surrounded by divalent cations 
in the brucitic layer. The Mg(II)/Fetotal mole ratio is given by electron 
microprobe analyses and ranges from 0.18 to 0.62. 

3.5.2. Gibbs free energies of formation of green rusts and fougerite 
Thermodynamic properties of minerals mainly depend on their 

chemical composition, and to a lesser extent on their structure. For 
layered double hydroxides and particularly for isostructural green rusts 
and fougerite that show very limited variation in their brucitic layer 
composition, thermodynamic properties can be related to the electro
negativity of the interlayer anions (Bourrié et al., 2004). 

The partial charge model (Jolivet et al., 1994) was used to establish 
the relationship between the Gibbs free energy of formation ΔfGm

∘− of 

Fig. 4. Stacking sequences and structures of layered double hydroxides (modified from Trolard and Bourrié (2012) and Sabot et al. (2007). For green rusts, M(II) =
Fe(II) and M(III) = Fe(III); Panel (a) corresponds to GR1 structure, panel (b) to GR2 structure and panel (c) to GR-lactate structure; Note that only the main interlayer 
anions are shown in the drawings of the structure; a, b and c correspond to unit cell dimensions; in the inserts with stacking, A, B and C correspond to OH planes, a, 
and c correspond to planes of octahedral sites. 
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green rusts and fougerite and the Allred and Rochow’s electronegativity 
of the interlayer anions, whatever their structure (i.e., GR1 or GR2) 
(Fig. 6, eq. 3) (Ben Nacib et al., 2016): 

ΔfG∘−
m

/
n = − 488.354 − 353.11χ

/
n, r = − 0.994,N = 5, (3)  

where the Gibbs free energy of formation of the mineral, ΔfGm
∘− , is in 

kJmol− 1, n is the number of (OH)2 in the mole formula, and χ the 
electronegativity of the considered anion; r is the coefficient of corre
lation and N is the number of samples. Anion exchange is possible in the 
hydrated interlayer and the stability follows the sequence: 
Cl− < C2O4

2− < CO3
2− < SO4

2− . This makes it possible to estimate the 
Gibbs free energies of formation of fougerite with hydroxide as inter
layer as in Fougères, Brittany (GR1-OH) and of lactate green rust for 
which thermodynamic data are lacking (Table 1). 

3.6. Syntheses of green rusts 

3.6.1. Abiotic syntheses 
Green rusts can be easily synthesized (Murad, 1990) and several 

laboratory approaches have been used for this purpose, as recently 
reviewed by Bhave and Shejwalkar (2017). The most frequently used 
protocol is the co-precipitation of ferrous and ferric salts and the joint 
oxidation of ferrous salts. Electrolytic oxidation of an iron anode under 
controlled conditions is much less used. Whatever the protocol, all 
detailed below, syntheses are made at room temperature (20 ◦C to 25 ◦C) 
and atmospheric pressure (1 atm). In the co-precipitation method, green 
rust at the proper oxidation state is obtained by mixing stoichiometric 
amounts of ferrous and ferric salts with continuous stirring under an O2- 
free atmosphere. The final Fe(III)/Fetotal ratio in green rust can be 
controlled by the concentrations of the precursor salts, which can be Fe 
(II)-sulphate combined with either Fe(III)-nitrate or Fe(III)-chloride. Fe 
(III)-sulphate can also serve as a ferric precursor in the synthesis of green 
rust (Géhin et al., 2002). Green rusts can also be obtained by partial 
oxidation of ferrous salts under controlled anaerobic conditions. In that 
case, the Fe(II) salt solution is mixed with sodium hydroxide, hence 
leading to the precipitation of Fe(II)-hydroxide (the so-called”white 
rust”) (Stone and Goldstein, 2004). Then the Fe(II)-hydroxide is slowly 
oxidized through stirring under air. Oxidation is stopped by covering the 
experimental device when the white colour of Fe(II)-hydroxide turns to 
greenish-blue, the characteristic colour of green rust. In this approach, 
melanterite (FeSO4⋅7H2O) can be used as the starting ferrous salt to form 
GR2-SO4 (Génin et al., 1996), and FeCl2⋅4H2O can be used as the pre
cursor salt of GR1-Cl (Génin et al., 1998) respectively. Note that 
dioxygen is not always necessary for the oxidation of ferrous salt: so
dium nitrite, NaNO2 (Hansen et al., 1994a) or sodium nitrate, NaNO3, 
can also be used to synthesize green rusts (Hansen and Koch, 1998). For 
synthetic green rusts that do not directly form, anion exchange is used. 
This is the case of green rusts containing interlayered carbonate or ox
alate, because these ions inhibit the formation of the Fe(OH)2 precipi
tate. GR1-CO3 or GR1-oxalate are then obtained in two steps, first by 
forming GR2-SO4, then by exchanging the sulphate with carbonate or 
oxalate ions (Drissi et al., 1994; Refait et al., 1998b). 

Fig. 5. Composition stability domain of fougerite from Fougères (in grey) from 
Trolard et al. (2007). It is derived from a solid solution model (shown with solid 
and long dashed lines) constrained by Fe(III)/Fetotal ratio comprised between 1/ 
4 and 1/3, the Mg/Fetotal mole ratio comprised between 0.18 and 0.62, and the 
Fe(III)/(Fetotal + Mg) mole ratio determined by electron microprobe analysis 
(μ− probe: short dashed lines) and Mössbauer spectroscopy (dotted lines). 

Fig. 6. Relationship between Gibbs free energies of formation of green rusts 
and fougerite as a function of electronegativity of the interlayer anion. Filled 
black circles: measured values used to compute the linear regression, from Ben 
Nacib et al. (2016); red filled circle: estimated value for GR1-OH; blue and 
green filled circles: estimated values for GR1-lactate for the two structural 
formulas GR1-L1 and GR1-L2, from Sabot et al. (2007). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 1 
Thermodynamic data used to compute the regression with electronegativity of 
the interlayer anion (eq. 3) and to estimate the Gibbs free energies of formation 
of hydroxide-fougerite (GR1-OH) and synthetic lactate-green rust (GR1-lactate).  

Mineral n χ ΔfGm
∘− χ/n 

Amakinite Fe(OH)2(cr) 1 0 − 490.035 0 
GR2-SO4 6 2.286 − 631.872 0.381 
GR1-Cl 4 0.542 − 536.243 0.137 
GR1-CO3 6 2.001 − 598.661 0.335 
GR1-oxalate 8 2.329 − 587.873 0.291 
Fougerite-OH 3 1.601 − 676.74a 0.534 
GR1-lactate 6 2.337 − 625.86b 0.389 
GR1-lactate 8 2.337 − 591.50b 0.292 

n is the number of (OH)2 groups in the mole formula, i.e., in the layer; 
(a) estimated using eq.3, for fougerite as Fe(OH)7/3 from Ben Nacib et al. (2016); 
(b) estimated using eq.3, for GR-lactate formulas from Sabot et al. (2007). 
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3.6.2. Biotic syntheses 
Green rusts can also be obtained by microbial reduction of Fe(III) 

oxides carried out in particular by dissimilatory iron reducing bacteria, i. 
e., bacteria that use iron as terminal electron acceptor for their respi
ration. Among them, Shewanella putrefaciens produces green rusts from 
the bioreduction of ferrihydrite or lepidocrocite (Fredrickson et al., 
1998; Kukkadapu et al., 2006; Parmar et al., 2001; Glasauer et al., 2002; 
Ona-Nguema et al., 2002; Zegeye et al., 2005). Bio-reduction of a well 
crystallized lepidocrocite (γ-FeOOH) to carbonate-green rust (GR1-CO3) 
was in particular investigated in batch cultures of S. putrefaciens strain 
CIP 8040 at 25 ◦C, an initial pH of 7.5, and using a carbonate ion buffer. 
Formate was used as the electron donor and experiments were per
formed without phosphate and in the presence or absence of 
anthraquinone-2,6-disulphonate as electron shuttle to accelerate or not 
green rust formation kinetics. When all the starting lepidocrocite is 
consumed by bacterial respiration, green rust is the major final product, 
representing 55 to 86% of the solid products (Ona-Nguema et al., 2002). 
However, when the bacterial Fe(III) reduction does not reach comple
tion (e.g., due to a lack of electron donor), the remaining lepidocrocite 
induces the transformation of green rust into magnetite (Ona-Nguema 
et al., 2002). Alternatively, lepidocrocite can be microbially reduced 
into sulphate-green rust if sulphate is added to the culture medium 
(Zegeye et al., 2005). 

Magnetite can be partially reduced by S. putrefaciens using molecular 
hydrogen, H2, as electron donor. In that case, Fe2+ released by magnetite 
dissolution precipitates into green rusts and siderite, Fe(II)CO3, (Etique 
et al., 2016). Note finally that Dechlorosoma suillum also produces green 
rusts through anaerobic bio-oxidation of Fe(II) (Chaudhuri et al., 2001). 

3.7. Intercalation properties and reactivity 

Chloride (Refait et al., 1998a; Peulon et al., 2003, 2007), sulphate 
(Misawa, 1973; Géhin et al., 2002; Ruby et al., 2003; Peulon et al., 2003) 
and carbonate (Drissi et al., 1995; Legrand et al., 2001; Ona-Nguema 
et al., 2002) are commonly incorporated as interlayer anions in syn
thetic green rust products, but also possible, yet more unusual, is the 
intercalation of fluoride (Choi and Batchelor, 2008), selenite (Refait 
et al., 2000), lactate (Sabot et al., 2007), oxalate (Refait et al., 1998b) 
and even of larger monovalent aliphatic carboxylate anions, CX (Ayala- 

Luis et al., 2010). 
The basal spacing distance c of CX-green rust increases with the 

length of CX (i.e., with the number of aliphatic chain carbons): 2.68 nm 
for GR-C9, 2.94 nm for GR-C10, 3.59 nm for GR-C12 and 4.16 nm for 
GR-C14 (Ayala-Luis et al., 2010). Recent work has shown that synthetic 
green rusts can also be obtained with interlayered benzene sulphonate, 
BzS, from GR2-SO4 by ion exchange with sulphate, although the ex
change extension is limited (around 18% of intercalation) (Perez et al., 
2018) (Fig. 7). 

The high reactivity of green rusts and ease of their synthesis together 
with the biocompatibility of potentially precursor iron oxides make 
green rusts appealing for environmental (bio)remediation purposes. As 
many layered double hydroxides, green rusts have been shown to be 
highly effective for the remediation of environments polluted by a large 
diversity of metals and metalloids (e.g., Cu, Hg, Ag, Au, Cr and As) 
(Table 2), as well as organic pollutants (Bhave and Shejwalkar, 2017) 
(Fig. 8). 

These metals and metalloids can have multiple oxidation states in 
surface and subsurface environments and can interact with the redox 
active Fe carried by green rusts. These variable oxidation states are 
associated with variable metal solubility and toxicity. As an illustration, 
aqueous solutions of silver acetate, as well as silver, gold or copper 
chlorides were mixed with hydroxy-sulphate green rust suspensions 
(O’Loughlin et al., 2003b). Ag(I), Au(III) and Cu(II) were readily 
reduced to Ag(0), Au(0), Cu(0), respectively, that precipitate as nano
particles (O’Loughlin et al., 2003b). In all cases, magnetite was the 
product of concomitant green rust oxidation. Metals precipitate as 
nanoparticles multiply-twinned bearing the same local environment as 
pure metal phases, as evidenced by XANES and EXAFS (O’Loughlin 
et al., 2003b). 

The reactivity of sulphate-green rust (GR2-SO4) or chloride-green 
rust (GR1-Cl) with regard to toxic Cr(VI) was also studied. A rapid and 
complete reduction of Cr(VI) into less soluble and less toxic Cr(III) was 
observed (Loyaux-Lawniczak et al., 1999, 2000), which further un
derlines the lack of influence of the nature of the interlayer anion on the 
overall reaction. By incorporating the metal in the green rust structure, 
these reactions immobilize the pollutant initially present in the form of 
dissolved ions. However, an increase of metal mobility may also occur 
following interactions with green rusts. For example, the reduction of Hg 

Fig. 7. Possible interlayer arrangement of benzene sulfonate (BzS) in the green rust structure. Calculated basal spacing is shown for each structure: (a) monolayer 
with dehydrated BzS in a single direction; (b) monolayer with dehydrated BzS moieties facing away from each other and (c) monolayer with hydrated BzS in a single 
direction, modified from Perez et al. (2018). 
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(II) to Hg(0) by green rusts increases the overall mobility of mercury, 
that is then dispersed in the environment, as the release of Hg(0) vapor 
to the atmosphere represents a significant component of the global 
mercury cycle (Stein et al., 1996; Schlüter, 2000). 

Other experiments, performed in the presence of green rusts, showed 
that these Fe-bearing layered double hydroxides have also the capability 
to reduce nitrate into ammonium (Hansen et al., 1996), chlorate into 
chloride (Zhang et al., 2021), Se(VI) to Se(IV) and Se(0) (Myneni et al., 
1997), and U(VI) to U(IV), forming nanoparticles of UO2 (O’Loughlin 
et al., 2003a). In addition, chlorinated methane and ethene (Mai
threepala and Doong, 2005), or carbon tetrachloride (Erbs et al., 1999) 
can be dechlorinated by green rusts. 

4. On the possible occurrence of fougerite at the Lost City 
hydrothermal system 

To evaluate if the environmental conditions met in modern oceanic 
alkaline hydrothermal systems are compatible with the formation of 
fougerite, we have used recent data collected by Seyfried et al. (2015) on 
fluids of the Lost City hydrothermal field, the best known example of 
active oceanic alkaline hydrothermal system related to serpentinization. 

4.1. Field data on Lost City hydrothermal fluids 

In an attempt to augment existing dataset on the chemistry of fluids 
venting at Lost City (Allen and Seyfried, 2003; Kelley et al., 2005; 
Ludwig et al., 2006; Proskurowski et al., 2008a, 2008b; Foustoukos 
et al., 2008; Konn et al., 2009; Lang et al., 2010, 2012) and to better 
understand the dynamic feedback between mineral alteration and 
changes in fluid chemistry associated with such hydrothermal system, 
Seyfried et al. (2015) have recently investigated fluids collected at two 
vent structures: Beehive (BH) where the fluid flow was vigorous and 
temperature from ca. 91 ◦C to 116 ◦C and M6, where fluid escaped more 
diffusively and temperature was lower ca. 53 ◦C to 78 ◦C. While ongoing 
serpentinization occurring at Lost City could have suggested equilibrium 
with a serpentine - brucite assemblage, the pH values and high silica 
concentrations measured in these fluids support equilibria with a 
serpentine (chrysotile) – diopside – tremolite assemblage in the tem
perature range of 75 ◦C to 116 ◦C. The equilibrium shift away from 
brucite into the tremolite stability field can be explained by ubiquitous 
gabbroic intrusions in the ultramafic lithosphere underlying the Lost 
City alkaline hydrothermal field. Seyfried et al. (2015) report relatively 
small concentrations of chloride, 540 mmol/kg to 550 mmol/kg, i.e., 10 
mmol/kg to 15 mmol/kg below that of bottom seawater, attributed 
either to the incorporation of Cl− in the serpentine structure in a iowaite 
component — [Mg6Fe(III)2(OH)16][Cl2⋅H2O], a natural layered double 
hydroxide belonging to the same group as fougerite — or to a dilution 
effect due to water release associated with dehydration of brucite. 

Concerning iron analyses Seyfried et al. (2015) considered that they 
may incorporate colloidal iron oxides, so that they could not be confi
dently used to compute Fe speciation in aqueous solution and to check 
whether Fe speciation was controlled by chemical equilibria with iron 
oxides. However, their hydrothermal fluid analyses also show elevated 
concentrations of methane, hydrogen and hydrogen sulphide (H2S). 
Accordingly, the presence of Fe(III) and the formation of iowaite, in 
which iron is exclusively present as Fe(III) is unlikely, unless mixing 

Table 2 
Reactive elements towards green rusts and types of reactions (modified from 
(Latta et al., 2015)). Ox. = Conventional oxidation number.  

Element Species Ox. Interaction with 
green rust 

References 

H H+ +i Structural Bernal et al. (1959)    
Protonation/ 
deprotonation 

Guilbaud et al. (2013);  
Ruby et al. (2006) 

C CO3
2− +IV Structural interlayer 

anion 
Taylor and McKenzie 
(1980)  

Oxalate, 
Lactate, 

to Redox reaction Lee and Batchelor 
(2002)  

C9 to C14 -I Redox reaction Erbs et al. (1999);  
O’Loughlin and Burris 
(2004); O’Loughlin 
et al. (2010); Sabot 
et al. (2007) 

N NO3
− , 

NO2
−

+V, 
+III 

Reduction to 
ammonium 

Hansen et al. (1994a, 
1996); Larese- 
Casanova and Scherer 
(2008); Trolard and 
Bourrié (1999)  

NH4
+ -III Incorporation Etique et al. (2014);  

Guerbois et al. (2014);  
Hansen et al. (1994a);  
Pankte et al. (2011) 

O OH− -II Structural Bernal et al. (1959);  
Bourrié et al. (2004) 

F F− -I Structural interlayer 
anion 

Choi and Batchelor 
(2008) 

Na, K Na+, K+ +I Interlayer 
incorporation 

Christiansen et al. 
(2009, 2014) 

Mg Mg2+ +II Structural in the 
brucitic layer 

Bourrié et al. (2004);  
Refait et al. (2001) 

Al Al3+ +III Structural in the 
brucitic layer 

Aissa et al. (2004);  
Taylor and McKenzie 
(1980) 

Si SiO3H− +IV Adsorption, 
dehydration and 
silicification of the 
interlayer 

Larese-Casanova and 
Scherer (2008);  
O’Loughlin et al. 
(2010); Ruby et al. 
(2006); Trolard and 
Bourrié (2012) 

P PO4H2− +V Adsorption Interlayer 
incorporation, 

Bocher et al. (2004)  

PO4H2− +V green rust 
stabilization, 
transformation to vi- 
vianite 

Hansen and Poulsen 
(1999); Kukkadapu 
et al. (2006);  
O’Loughlin et al. 
(2010) 

S SO4
2− +VI Structural interlayer 

anion 
Refait et al. (1999)  

SO3
2− +IV Structural interlayer 

anion 
Simon et al. (1997) 

Cl Cl− -I Structural interlayer 
anion 

Refait et al. (1998a)  

ClO3
− +V Reduction to chloride Zhang et al. (2021)  

ClO4
− +VII Structural interlayer 

anion 
Aguirre et al. (2020) 

Cr CrO4
2− +VI Adsorption, redox 

reaction 
Williams and Scherer 
(2001)  

Cr3+ +III Incorporation Bond and Fendorf 
(2003); Loyaux- 
Lawniczak et al. (1999, 
2000) 

Fe Fe2+, 
Fe3+

+II, 
+III 

Structural in the 
brucitic layer 

Bernal et al. (1959) 

Co, Ni Co2+, 
Ni2+

+II Structural in the 
brucitic layer 

Hansen et al. (1994b);  
Parmar et al. (2001);  
Roh et al. (2000) 

Se SeO4
2− +VI Interlayer 

incorporation 
Myneni et al. (1997);  
Refait et al. (2000)  

SeO3
2− +IV Redox reaction Schellenger and Larese- 

Casanova (2013)  
Se 0 Transformation to 

FeSe 
Johnson and Bullen 
(2003) 

Br Br− -I Aguirre et al. (2020)  

Table 2 (continued ) 

Element Species Ox. Interaction with 
green rust 

References 

Structural interlayer 
anion 

Mo MoO4
2− +VI Adsorption O’Loughlin et al. 

(2010) 
U UO4

2− +VI Reduction to U(IV) O’Loughlin et al. 
(2003a)  

F. Trolard et al.                                                                                                                                                                                                                                 



Earth-Science Reviews 225 (2022) 103910

10

with oxygenated seawater occurs. Considering that the structure of 
fougerite consists of Fe(II)-Fe(III) and Mg(II) bearing brucitic layers, it is 
thus relevant to check equilibria between Lost City hydrothermal fluids 
and the two end members of the fougerite solid solution, namely brucite, 
Mg(OH)2, and its ferrous equivalent Fe(OH)2, known as amakinite, 
whose occurrence was reported in the basement underlying the Lost City 
hydrothermal field (Beard et al., 2009). 

4.2. Equilibrium calculations on Lost City hydrothermal fluids 

With this aim to establish fougerite, brucite and amakinite stability 
fields at Lost City, it was necessary to first evaluate thermodynamic data 
for aqueous iron as well as the stability of water in such environments. 

4.2.1. Thermodynamic data for aqueous iron in line with the specific 
interaction theory 

On the basis of the most comprehensive critical evaluation of iron 
thermodynamic data (Lemire et al., 2013), Ben Nacib et al. (2016) have 
recently reevaluated the equilibrium constants for the different forms of 
aqueous Fe(II) and the Gibbs free energies of formation of green rusts 
and fougerite. In their critical evaluation, Lemire et al. (2013) used the 
Specific Interaction Theory (SIT) to extrapolate experimental data to 
zero ionic strength and provided parameters for the specific interactions 
between cations and anions in solution. For sake of consistency, as 
underlined by Lemire et al. (2013), it is better to use the SIT instead of 
Debye-Hückel extended law or Pitzer’s model to compute activity co
efficients of solutes and speciation in solution. The SIT database, sit.dat, 
incorporates specific interaction parameters in addition to equilibrium 
constants. In the present work, the recently re-evaluated set of equilib
rium constants for Fe(II) and Fe(III) species and ΔfGm

∘− of green rusts 
and fougerite (Ben Nacib et al., 2016), incorporated in a modified 
version of the SIT database, was used together with PHREEQC software 
allowing for pH-redox equilibria calculations (Parkhurst and Appelo, 
2013). 

4.2.2. Stability domain of water at high temperatures and pressures 
Calculations shown in section 4.3 were made using the sit.dat data

base as mentioned before at the temperature t measured for each vent 
fluid sample (Seyfried et al., 2015) and at pressure P = 80atm, as the 

water depth was in the range 750 m to 850 m. However, PHREEQC was 
first used with the phreeqc.dat database to compute the limits of the 
stability domain of water, at t = 90 ◦ C and P = 80atm, because this 
database incorporates molar volumes to account for pressure influence. 

As expected, it appears that pressure influence on equilibrium con
stants K is negligible (impact only on the 2nd or 3rd decimal in logK), 
but temperature influence is important. The stability domain of water in 
a (pe, pH) diagram is narrower at high temperature, with the dissocia
tion constant of water logKw = − 12.38 at 90 ◦C, instead of − 14.00 at 
25 ◦C. The lower limit of the stability domain of water is obtained 
following: 

pH+ pe = − 0.133 −
1
2
logf H2, (4)  

and the upper limit as: 

pH+ pe = 16.31+
1
4
logf O2, (5)  

where fH2 and fO2 are respectively the fugacity of molecular hydrogen 
gas and the fugacity of molecular oxygen gas. Despite the large pressure, 
deviations from ideality are small, with ϕ = 0.977 for oxygen gas and ϕ 
= 1.024 for hydrogen gas in pure water, ϕ = 1 for an ideal gas. The 
straight lines delimiting the stability domain of water are obtained by 
substituting the maximum values, i.e., fH2 = 80atm and fO2 = 80atm in 
eqs. 4 and 5, completed with pH = 0 and pH = 12.38 (Fig. 9). 

The stability domain of water spans about 12 pH units and 18 pe 
units at 90 ◦C and 80 atm versus 14 pH units and 21 pe units at 25 ◦C, 1 
atm. The position of fluid samples from Lost City in this diagram will be 
discussed later. 

4.2.3. Equilibrium calculations 
Species distribution in the hydrothermal fluid was computed using 

PHREEQC software(Parkhurst and Appelo, 2013), with the recently 
reevaluated set of equilibrium constants for Fe(II) and Fe(III) species and 
ΔfGm

∘− of green rusts and fougerite (Ben Nacib et al., 2016) incorporated 
in a modified version of the SIT database. 

For sulphur, the two pKs of acidity of H2S, present in the sit.dat 
database were used. 

The Lost City hydrothermal fluid analyses available for sulphur 

Fig. 8. Periodic table illustrating the possible interactions between green rusts and 34 elements through redox and surface reactions or surface exchange reactions, 
modified from Latta et al. (2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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species include separately sulphate S(VI) on one hand and hydrogen 
sulphide (H2S) on the other hand (Seyfried et al., 2015). However, sul
phide was measured by titration with lead nitrate using a sulphide 
specific Ag/Ag2S indicator electrode. Accordingly, though it is expressed 
as H2S in Seyfried et al. (2015), it corresponds to total sulphide S(-II), 
including H2S, HS− and S2− , yielding for their concentrations: 

[S( − II) ] = [H2S] + [HS− ] +
[
S2− ]. (6) 

Analyses performed on Lost City hydrothermal fluids are not 
exhaustive, in some Fe(II) concentration is missing, others lack H(0). 
Vent fluid data reported by Seyfried et al. (2015) include two redox 
couples: H(0)/H(I) and S(-II)/S(VI). 

For hydrogen gas, the input for PHREEQC is [H(0)], correlated to the 

analytical data by: 

[H(0) ] = 2[H2]. (7) 

For iron, since the presence of hydrogen gas, methane and hydrogen 
sulphide reported at Lost City ensures that the environment is reducing, 
we will thus assume that any iron concentration given by Seyfried et al. 
(2015), here noted as Fetotal is entirely aqueous Fe(II) as it would have 
been in the primordial ocean waters (Mielke et al., 2010; Branscomb and 
Russell, 2018b; White et al., 2020). 

All other elements analyzed by Seyfried et al. (2015) were also 
considered in the PHREEQC calculation. It must be stressed that due to 
the reduced conditions, carbonate ions are absent and carbon is only 
present as methane C(-IV). Note that although abiotic formate and 
biological acetate were also detected in the Lost City fluids (Lang et al., 
2010), these compounds were not considered here due to their small 
concentrations 36μmolkg− 1 to 158μmolkg− 1 for formate and 1μmolkg− 1 

to 36μmolkg− 1 for acetate (Lang et al., 2010) and to their weak 
complexation affinity for iron: formate and acetate bear only one car
boxylic acid which does not allow for chelatation, as opposed e.g., to 
oxalate or citrate. Alkalinity of the solution is thus only due to OH- ion 
and borate as well as sulphide species. 

4.3. Mineralogical control on pH: amakinite vs brucite 

On the basis of the raw data as reported by Seyfried et al. (2015), 
namely ([Fetotal], pH on board at 25 ◦C), Fig. 10 shows that the Lost City 
fluid compositions are close to the solubility curve of Fe(OH)2(cr) 

Fig. 9. Lost City hydrothermal fluids composition (open triangles) in the sta
bility domain of water expressed as (pe, pH) at temperature t = 90 ◦ C, and 
pressure P = 80atm. The corresponding ion-product constant of liquid water 
(Kw), defined as Kw = {H+}{OH− }, is such that logKw = − 12.38; (a) oxidizing 
– acid; (b) reducing – acid; (c) oxidizing – alkaline; (d) reducing – alkaline 
conditions; upper oxidizing limit, pe + pH = 16.80; lower reducing limit, pe +
pH = − 1.08. 

Fig. 10. Lost City hydrothermal fluid compositions (open triangles) as reported 
in the solubility diagram of ferrous hydroxide Fe(OH)2(cr) amakinite at 25 ◦C, 
and for pH values given at 25 ◦C in Seyfried et al. (2015). Curves, also 
computed at 25 ◦C correspond to the three different values of solubility of 
amakinite at elevated pH found in the currently available databases, namely 
phreeqc.dat, sit.dat and modified sit.dat and new experimental data (Ben Nacib 
et al., 2016; Ben Nacib, 2017). The uncertainties on iron speciation at pH > 11, 
expressed in the three solubility curves, have no bearing; pH should be lower 
than 9 where temperature is higher, e.g., in the root of the hydrothermal system 
(Seyfried et al., 2015), hence in the diagram region where all solubility curves 
are very close to each other. 

F. Trolard et al.                                                                                                                                                                                                                                 



Earth-Science Reviews 225 (2022) 103910

12

amakinite or even oversaturated with respect to this mineral. 
In the Lost City fluid samples considered here, since pH was not 

measured in situ at vent, the exact fluid pH at temperatures ranging from 
75 to 116 ◦C (i.e., the temperature of the fluids sampled at Beehive and 
M6 vents) is not known. While pH measured at 25 ◦C is about 10.5 
(Seyfried et al., 2015), it should be lower at higher temperatures. The pH 
of a fluid at equilibrium with a serpentine (chrysotile) – tremolite - 
diopside assemblage would drop to 9 and 8 when temperature increases 
to 70 and 100 ◦C respectively – see Fig. 11 in Seyfried et al. (2015). 

The calculations of aqueous speciation with PHREEQC were thus 
made considering two alternative hypotheses:  

• solutions are forced to equilibrium with magnesium hydroxide Mg 
(OH)2(cr) brucite and pH and Saturation Index (SI) of ferrous hy
droxide Fe(OH)2(cr) amakinite are computed;  

• solutions are forced to equilibrium with Fe(OH)2(cr) amakinite and 
pH and SI of Mg(OH)2(cr) brucite are computed. 

When equilibrium with Mg(OH)2(cr) brucite is forced (Fig. 11, left), 
pH values are much lower, closer to neutrality than the values measured 
at 25 ◦C, 1 atm on board. They are in the range 8.0 to 9.2 and solutions 
are largely oversaturated with respect to Fe(OH)2(cr) amakinite (Satu
ration indexes are positive). 

Data from Table 1 in Seyfried et al. (2015). For samples on rows 1, 2 
and 5, Fe analysis is lacking. Col. 1: temperature in situ; col. 2: pH 
measured at 25 ◦C; col. 3 and 4: pH and SI brucite computed when 
equilibrium is forced with amakinite; col. 5 and 6: pH and SI amakinite 
computed when equilibrium is forced with brucite; col. 7: difference 
(5)–(3). 

Conversely, when equilibrium with Fe(OH)2(cr) amakinite is forced, 
fluids are undersaturated with respect to brucite (Table 3), while pH 
values remain lower that the measured ones (Fig. 11, right). 

For one Lost City sample (Beehive vent) the fluid is simultaneously in 
equilibrium with both brucite and amakinite. The pH differences be
tween these two hypotheses are nonetheless small, ranging from zero to 
0.6 (Table 3, column 7). Overall, pH values are much less alkaline than 
pH measured on board at 25 ◦C, on the discharged hydrothermal fluids, 
as predicted by Seyfried et al. (2015). 

Field evidence for brucite dissolution supporting fluid under
saturation with respect to brucite (Ludwig et al., 2006) and the relatively 
large values reported for dissolved silica by Seyfried et al. (2015, 25 
μmolkg− 1 to 92 μmolkg− 1) are in favour of pH control by equilibrium 
with ferrous hydroxide Fe(OH)2(cr) amakinite, i.e., the second hypoth
esis. This is in agreement with field observations highlighting the 
occurrence of amakinite in oceanic serpentinites drilled below the Lost 

City alkaline hydrothermal field (Beard et al., 2009). 

4.4. Equilibrium control on redox conditions 

Two values for pe can be computed from the two redox couples, H 
(0)/H(I) and S(-II)/S(VI) established from the Lost City hydrothermal 
fluid analyses available in Seyfried et al. (2015) (Table 4, columns 2 and 
3). 

Values for pe computed from H(0)/H(I) couple range from − 8.5 to 
− 10.8 in the fluids discharged at BH vent, with even more negative 
values at M6 vent (− 12.6). This corresponds to redox potential Eh values 
ranging from − 620 mV to − 645 mV. Values are not significantly 
modified if equilibrium with brucite is considered instead of equilibrium 
with amakinite: the difference is less than 10 mV. Values for pe 
computed from S(-II)/S(VI) couple, are less negative, about pe = − 6 to 
− 6.2, for BH, which corresponds to Eh from − 430 mV to − 455 mV, pe =
− 8.6 for M6 (Eh = –950 mV). 

Brackets {} designate activities of aqueous species; col. 6: SI = log Q/ 
K (eq. 10); col. 7: SI = log Q/K (eq. 13). 

It is well known that different redox couples are separated by kinetic 
energy barriers and in this respect (pe, pH) diagrams can be misleading 
(Berner, 1971, 1981). However, as far as aqueous iron species and 
ferrous hydroxide are considered, it must be emphasized that corrosion 
studies have shown that: (i) the couple Fe2+/Fe3+ is electroactive at the 
Pt electrode; (ii) that the potential measured is independent of the na
ture and of the area of the surface of the indicator electrode (Pt or Ag), 
and of stirring conditions, as verified by voltammetric studies. This 
overall implies that the measured potential has a true thermodynamic 
meaning (Refait et al., 1999). Compared to the S(-II)/S(VI) couple, 
which involves a series of intermediate reactions, the couple H(0)/H(I) 
is thus more relevant to discuss the redox conditions in relation to iron 
geochemistry. 

4.5. Position of lost City fluids in the domain of stability of water at high 
temperatures and pressures 

From the pe obtained and considering a pH forced at equilibrium 
with amakinite, data can be plotted in the stability diagram of water 
(Fig. 9). Lost City hydrothermal fluids are close to the lower limit of the 
stability domain of water, but still inside. Not surprisingly, it supports a 
reducing environment, in agreement with hydrogen gas emissions re
ported at Lost City alkaline hydrothermal vents. This strengthens the 
assumption that total dissolved iron is almost exclusively composed of 
Fe(II) species. Calculation shows that aqueous Fe(II) is distributed in 
several species at very close concentrations, Fe2+, Fe(OH)+, Fe(OH)2

0, 

Fig. 11. Lost City hydrothermal fluid compositions (open triangles) in the equilibrium diagram Fe(OH)2(cr⋅) amakinite - Mg(OH)2(cr) brucite. The same data are 
plotted under two different assumptions: left: when solutions are forced to equilibrium with brucite; right: when solutions are forced to equilibrium with amakinite. 
SI stands for saturation index (Table 3). 
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FeCl+ and Fe(SO4)0, with some Fe(HS)− (Table 5). Aqueous Fe(II) 
properties are close to Mg(II) properties and do not lead to formation of 
colloidal species, so that total analyses of Fe can be confidently treated 
as consisting of total aqueous Fe. Calculation of the activity of Fe3+

shows extremely small values (Table 5, last column), about 21 orders of 
magnitude smaller than the activity of Fe2+. 

To summarize, Lost City hydrothermal fluids show reducing condi
tions (pe = − 8.82 ± 0.28), mildly alkaline (pH = 8.19 ± 0.25), rather 
than strongly alkaline when at equilibrium with Fe(OH)2(cr), ama
kinite at t = 90 ◦ C, P = 80atm. This is in favour of the occurrence of 
ferrous hydroxide deeper in the root of the hydrothermal system where 
temperature is higher and pHs are lower compared to seafloor vents 
where the fluids discharge. This is supported by the occurrence of 
amakinite reported in oceanic serpentinites drilled below the Lost City 
alkaline hydrothermal field (Beard et al., 2009). 

5. Can fougerite form in oceanic alkaline hydrothermal 
systems? 

The question now arises whether favourable conditions for the for
mation of fougerite may exist in oceanic alkaline hydrothermal systems, 

(i.e., not only at vents where hydrothermal fluid discharge but also 
deeper in the roots of the hydrothermal system where temperature is 
higher and pH lower). To this end, amakinite, previously shown to 
control the pH of Lost City hydrothermal fluids must partly oxidize. The 
stability domain of Fe(OH)2(cr) is such that it can simply be oxidized by 
water molecules. Under anaerobic conditions, amakinite oxidized into 
goethite after a few months even in absence of oxygen, though it was 
maintained in an inert nitrogen atmosphere in a glove box (Ben Nacib, 
2017). Ferrous hydroxide, amakinite, is thus thermodynamically un
stable or metastable in water. It may form because the system is in 
steady state, with H2 emissions maintaining the system close to the 
lower limit of stability of water. It then can oxidize into fougerite thanks 
to the recurrent circulation of seawater in the hydrothermal conduits. 
When Fe(II) partly oxidizes in the brucitic layer, sheets separate, water 
enters the interlayer with anions that will equilibrate the resultant 
excess of positive charge appeared. This explains the large decrease in 
Gibbs free energy of formation observed during the transformation of 
ferrous hydroxide into green rusts (Fig. 6), which is mainly due to the 
heat consumed for the hydration of the brucitic layer (Trolard and 
Bourrié, 2012). 

This can affect the mass balances of anions in seawater, for which 

Table 3 
Comparison of pH under the assumption of equilibrium with brucite or with amakinite for fluids from Lost City.  

Sample t pH at pH eq. SI pH eq. SI ΔpH  

/◦C 25 ◦C Amakinite Brucite Brucite Amakinite   

1 2 3 4 5 6 7 

M6-J2362IGT2 75 10.5   8.99   
M6-J2362IGT4 78 10.5   8.96   
BH-J2360IGT2 116 10.4 7.81 − 0.36 7.99 0.31 0.18 
BH-J2360IGT6 90 10.6 8.31 − 1.72 9.16 1.14 0.85 
BH-J2360CGTR 96 10.1   8.25   
BH-J2361IGT5 90 10.5 8.49 − 0.18 8.58 0.14 0.09 
BH-J2361IGT6 90 10.6 8.05 − 1.23 8.64 1.02 0.58 
BH-J2361CGTB 85 10.2 8.36 0.00 8.36 0.00 0.00 
BH-J2361CGTWu 94 10.5 8.11 − 0.53 8.38 0.45 0.27  

Table 4 
Tests of equilibria between Fe(OH)2(cr) amakinite, GR1-Cl and GR2-SO4.  

Sample t pe pe   GR1-Cl/ GR2-SO4/  

/◦C H(0)/H(I) S(VI)/S(-II) log{Cl− } log
{

SO4
2− } Amakinite Amakinite  

1 2 3 4 5 6 7 

M6-J2362IGT2 75 − 12.61 − 8.63 − 0.43 − 3.37 − 3.65 − 9.85 
M6-J2362IGT4 78 − 12.61 − 8.7 − 0.43 − 3.4 − 3.65 − 9.86 
BH-J2360IGT2 116 − 8.47  − 0.46 − 3.39 0.46 − 1.58 
BH-J2360IGT6 90   − 0.44 − 3.41   
BH-J2360CGTR 96 − 10.76  − 0.45 − 3.25 − 1.81 − 6.02 
BH-J2361IGT5 90 − 9.11 − 6.19 − 0.44 − 3.35 − 0.16 − 2.83 
BH-J2361IGT6 90   − 0.44 − 3.4   
BH-J2361CGTB 85 − 8.95 − 6.01 − 0.44 − 3.16 0.00 − 2.31 
BH-J2361CGTWu 94 − 8.74  − 0.44 − 3.33 0.21 − 2.06  

Table 5 
Speciation of aqueous Fe(II) species established from Lost City fluid analyses performed by Seyfried et al. (2015) on the Beehive vent structure and considering a pH 
forced at equilibrium with amakinite. Values in square brackets [] are log of concentrations (mol/kg); values in brackets {} are log of activities (dimensionless referred 
to mol/kg scale): the activity of Fe3+ is derived from the activity of Fe2+ and pe according to log{Fe3+} = log {Fe2+} + pe − log K, where logK stands for the 
equilibrium constant of the reaction Fe3+ ⇌ Fe2+ + e− , logK = − 11.789 at t = 90 ◦ C, P = 1bar.  

Sample [Fe2+] [FeOH+] [FeSO4] [Fe(OH)2] [FeCl+] [FeHS− ] pe {Fe2+} {Fe3+} 

BH-J2360IGT2 − 6.94 − 6.86 − 7.54 − 7.44 − 7.51  − 8.47 − 6.05 − 26.31 
BH-J2360IGT6 − 6.96 − 6.71 − 7.67 − 7.59 − 7.73     
BH-J2361IGT5 − 7.35 − 6.91 − 8.00 − 7.59 − 8.12 − 7.37 − 9.11 − 6.52 − 27.42 
BH-J2361IGT6 − 6.40 − 6.44 − 7.10 − 7.59 − 7.17     
BH-J2361CGTB − 6.89 − 6.64 − 7.36 − 7.62 − 7.69 − 6.42 − 8.95 − 6.06 − 26.80 
BH-J2361CGTWu − 6.75 − 6.63 − 7.36 − 7.57 − 7.48  − 8.74 − 6.75 − 27.28  
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two anions are likely to enter the interlayer: chloride or sulphate. This 
can be discussed by computing the amakinite/GR1-Cl and amakinite/ 
GR2-SO4 equilibria. 

From the Gibbs free energies of formation of GR1-Cl and GR2-SO4, it 
is possible to assess equilibria between amakinite and green rust. For 
GR1-Cl, this gives: 

4Fe(OH)2(cr)+Cl− + 2H2O⇌
[
Fe(II)3Fe(III)(OH)8

]
[Cl⋅2H2O] + e− (8) 

With data from Table 1 and auxiliary thermodynamic data given in 
Table 6, one obtains for reaction 8: 

ΔrG∘−
m = − 2619.250 + 4 × 490.035 + 131.217 + 2 × 237.140

= − 53.61kJmol− 1.
(9) 

This gives logK = 9.392 for reaction 8, and the equilibrium is 
checked for the aqueous solution by: 

logQ/K = log{Cl− }+ pe+ 2log{H2O(l) }+ 9.392. (10) 

From chloride analyses provided by Seyfried et al. (2015) and pe 
determined above from the H(0)/H(I) couple, the values of logQ/K can 
be computed (Table 4). It must be stressed that pH is not present in eq. 
10, so that the results do not depend on the validity of the assumption of 
pH control by equilibrium with amakinite. 

The results show positive or negative values, all close to zero for 
Beehive vent (Table 4, column 6). Significantly, the sample BH- 
J2361CGTB, simultaneously at equilibrium with both amakinite and 
brucite, is also in equilibrium with GR1-Cl. 

This means that chloride concentration in this hydrothermal system 
is equal to the chloride concentration value at the triple point amakinite 
– brucite – GR1-Cl. To explain the small concentrations of chloride 
observed, Seyfried et al. (2015) considered the possibility of iowaite 
formation. The present results suggest that chloride-fougerite, GR1-Cl, is 
more likely to form, as in iowaite iron is only present as Fe(III). 

Similarly, for GR2-SO4, one obtains: 

6Fe(OH)2(cr)+SO4
2− + 8H2O⇌

[
Fe(II)4Fe(III)2(OH)12

]
[SO4⋅8H2O] + 2e−

(11)  

hence 

ΔrG∘−
m = − 5688.348 + 6 × 490.035 + 744.004 + 8 × 237.140

= − 107.01kJmol− 1.
(12) 

This gives logK = 18.75 for reaction 11, and the equilibrium is 
checked by: 

logQ
/

K = log
{

SO4
2− }+ 2pe+ 8log{H2O(l) }+ 18.75. (13) 

All values, ranging from − 1.6 to − 6, are negative (Table 4, column 
7). This means that sulphate concentration in the reduced hydrothermal 
fluid is too small to promote direct formation of the GR2-SO4. 

The calculations above were made at 25 ◦C, due to the lack of 
knowledge on enthalpies of reactions at higher temperatures, but errors 
should partly compensate as the difference between Gibbs free energies 
of green rusts and amakinite is considered for calculations. We can 
conclude that fougerite may directly form by oxidation of ferrous hy
droxide into fougerite-Cl, in the Lost City hydrothermal system. As 

chloride concentration increases and H2 concentration decreases, due to 
mixing with seawater, the formation of fougerite is favoured. Interlayers 
of fougerite can later accommodate other anions, such as sulphate, ni
trate and lactate, as well as formate and neutral molecules such as 
methane. This can provide reactants for further organic syntheses of 
prebiotic interest in this two–dimensional reactive environment that 
may in addition act as a membrane. The complete absence of carbonate 
ions in the solutions from Lost City hydrothermal field used in this paper 
(related to the reducing conditions) precludes the existence of carbonate 
ions in the interlayer in the initial fougerite formed at the vent level. This 
does not preclude the occurrence of carbonate by secondary dissolution 
of brucite and precipitation of calcite and aragonite, that are indeed 
present in these environments. Carbonate ion may thus enter lately the 
interlayer. 

Deeper in the hydrothermal system, magmatic fluids enriched in CO2 
can also represent a source of carbonate ions possibly integrating the 
interlayers of fougerite formed at higher temperature in the basement 
conduits and fractures where seawater circulate, deep in the crust (up to 
7 km). 

6. Future research targeting questions related to the emergence 
of life 

Despite the impressive amount of experimental and thermodynamic 
data already available on fougerite and green rusts (section 3), the 
specific implications proposed for fougerite nanocrystals in questions 
related to life’s emergence assume a number of reactions promoted by 
this mineral, which have not yet been experimentally tested. In the 
following, we enumerate some of the most relevant open questions 
inviting research efforts in this regard, first those that imply fougerite 
formation, the composition of the octahedral layer, then the interlayer 
anions and their reactivity:  

1. Thermodynamic, structural and reaction data are needed for green 
rusts, including fougerite, under environmental conditions such as 
those reported for alkaline hydrothermal vents to constrain the sta
bility domain of fougerite at elevated temperatures and pressures, in 
order to check equilibria with solutions of compositions close to the 
ones encountered at alkaline hydrothermal vents but also deeper in 
the root of the hydrothermal system. In pure MgO–FeO–H2O system, 
and under STP conditions, amakinite and brucite precipitate sepa
rately, without forming a (Fe,Mg)(OH)2 solid solution. This is 
probably due to differences in electronegativity between Mg(II) and 
Fe(II), though the electric charges are identical and their ionic radii 
are very close to each other (Bourrié et al., 2019). Fougerite may 
nonetheless form from oxidation of pure amakinite. Iron oxidation 
induces a net gain in positive charges in the octahedral layers, which 
then separate and water enters the interlayer. The process is irre
versible and hydration of the layers comes with large variations of 
Gibbs free energy of formation (Fig. 6) and of enthalpy (Trolard and 
Bourrié, 2012) that need to be estimated more precisely. Moreover, it 
may incorporate in the octahedral layer both Mg(II) and possibly 
other divalent metals (Ni(II), Mn(II)) surrounding Fe(III) ions.  

2. More field data are needed on the fluid composition in different 
alkaline hydrothermal systems. A question that arises is: did life 
emerge in strongly alkaline conditions or in mildly alkaline condi
tions, as suggested above by our results? Did the internal pH of the 
biota change only slightly, whereas pH of the ocean changed strongly 
from acidic conditions to about 8.3?  

3. Does nickel in fougerite or Ni–Fe green rusts play a catalytic role 
such as it does in some Fe–Ni sulfides, such as Fe5NiS8 greigite or 
Fe2Ni4S8 violarite (Russell et al., 1998)? Many experiments were 
performed with sulfides in hydrothermal high pressure flow reactors 
and in chemical gardens (Altair et al., 2021), but none with green 
rusts. Nickel has been shown to replace iron in the brucitic layer of 
fougerite. However, the reactivity of such Ni-containing green rusts 

Table 6 
Auxiliary thermodynamic data at T =

298.15K, P = 1bar from Lemire et al. (2013).  

Species ΔfGm
∘−

/kJmol− 1 

e− 0 
H2O(l) − 237.140 
Cl− − 131.217 
SO4

2− − 744.004  
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has not been assessed so far. This is of importance since in extant life 
the H2-related metabolisms are most frequently carried out by Ni-Fe- 
catalytic centres in hydrogenase enzymes (Ménez, 2020).  

4. If fougerite acts as an electron donor, by which mechanism can we 
regenerate Fe(II) in the brucitic layer? Are electrons supplied by 
electron transfer through conduction in the octahedral layer or by 
reactants in solution? These reactants should be different from H2 for 
life to extend out of the chimneys environment. Anion exchange 
could play a role in this respect, with nitrate, and small organic an
ions. This regeneration mechanism should allow for fougerite to stay 
inside its stability domain, i.e., in the range of Fe(III)/Fetotal 1/4–1/3 
(Fig. 5), otherwise it would transform into proto-goethite or goethite, 
with a crystallographic structure incompatible with membrane 
properties (no interlayers).  

5. In the proposed scenarios for life’s emergence, a precursor of ATP/ 
ADP energy storage is required. In this respect, the condensation of 
phosphate to pyrophosphate or even higher polyphosphates in fou
gerite interlayers is envisaged (Duval et al., 2020a). However, fou
gerite’s reactivity to phosphate is still debated while it is crucial to 
better understand and establish the fougerite potential for this pro
cess under specific redox conditions (i.e., by considering variably 
reduced forms of the mineral) in so small concentrations of phos
phate that fougerite would not transform into Fe(II)-Fe(III) phos
phates (vivianite-strengite).  

6. A crucial role for molybdenum, a two-electron transition metal, in 
the early stages of life is frequently inferred from both the versatility 
of Mo-catalysed reactions in extant life and the phylogeny of the Mo- 
dependent enzymes (Schoepp-Cothenet et al., 2012; Nitschke et al., 
2013). The question arises then: can molybdenum, likely in the form 
of molybdate (MoO4

2− ) or thiomolybdate (MoS4
2− ), replace the 

traditionally considered interlayered anions in fougerite and more 
generally in green rusts? How would such an integration in between 
the brucitic layers affect the structural and redox properties of the 
Mo-bearing GR? To date, although the method is complex, no data 
exist beyond those provided by Itaya et al. (1987) and Rives and 
Ulibarri (1999) reporting the absorption of molybdate ions in a 
hydrotalcite-like compounds. Let us recall that hydrotalcite and 
fougerite are isostructural.  

7. Reactivity of fougerite with simple forms of C, H and N is also a key 
target for future experiments and theoretical calculations. Emer
gence of life hypotheses that heavily rely on fougerite assume a 
number of reactions and structural changes that resemble crucial 
basic functions of microbial energy metabolism such as the binding- 
change and escapement mechanisms that characterize life (Bran
scomb et al., 2017). These reactions can be performed by fougerites 
representing mixtures of the cases mentioned in the above questions 
(1) to (4), i.e., they may contain at the same time Ni and Mg cations 
substituting for Fe in the brucitic layers, and are “doped” with a 
range of different interlayered anions, including phosphates, organic 
ions and (thio)molybdates. Due to the presence of these compounds 
in alkaline hydrothermal systems and their reactivity with organic 
compounds, reactions to be explored are the oxidation of molecular 
hydrogen, the oxidation of methane, the reduction of CO2 and CO 
and the production of more complex, poly- and heterocyclic organic 
molecules, in particular nitrogen containing molecules, e.g., NAD, 
flavin, pterin etc., possibly with the help of hydrazine (NH2)2. Hy
drazine would form by dimerization from amidogen (H2N) which is 
speculated as a byproduct in the oxidation of methane to methanol 
with NO (derived from the reduction of nitrite) as oxygen-donor 
(Russell and Nitschke, 2017). 

A thorough experimental assessment of whether (and if yes, which 
of) these reactions can take place in fougerite would contribute to sup
porting or invalidating hypotheses related to the key role of fougerite in 
the alkaline hydothermal vent theory for the emergence of life and thus 
to experimentally advancing research on life’s emergence on Earth and 

beyond. 
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et application aux interactions sols-solutions. Thèse de doctorat. Université 
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Géhin, A., Ruby, C., Abdelmoula, M., Benali, O., Ghanbaja, J., Refait, P., Génin, J.M.R., 
2002. Synthesis of Fe(II, III) hydroxysulphate green rust by coprecipitation. Solid 
State Sci. 4, 61–66. 

Génin, J.M., Olowe, A., Refait, P., Simon, L., 1996. On the stoichiometry and Pourbaix 
diagram of Fe(II)-Fe(III) hydroxy-sulphate or sulphate-containing green rust 2: an 
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