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Abstract

Fe(l)-Fe(lll) green rust identified in soil as a natural mineral, for which the name
"fougerite” has been proposed, is resporsible for the blue - green colour of gley
horizons, and exerts the main control on Fe dynamics (Trolard et a., 1997 Bourrié &
a., 1999. An EXAFS study d the structure of the mineral, using peparation
tedhniques that avoid any contad with oxygen from the amosphere (Refait et al., 20QL),
confirms that the mineral belongs to the group d Green Rusts, in which brucite-like
layers dternate with interlayers of anions and water moleaules. According to the

rhomboedral R3m crystal structure, the Fe - Fe distance @rresponds to the parameter a
of the onventional hexagordl lattice, i.e. 0.32:0.32 nm. The second pe& of the pseudo
radial distribution fonction (PRDF) P, pe&k is foundat that distance, and the series of
pe&ksisin acordanceto the hexagora array of successve neighbouing cdions at a«3,
2a, a*7, 3a... However, the intensity of the P, pe&k is much lessintense in the mineral
than in synthetic green rusts. The comparison with synthetic pyroaurites shows that this
isdueto apartial substitution o Fe' by Mg" in the brucite-like layer, which leads to the
general formula of the mineral : [Fe', Mg' Fe", (OH),,,]™« [x OH « (1-x+y) H,O]*,
where one water moleaule is suppased intercalated over each Mg- occupied site as for
Fe. From this finding, the regular solid solution model proposed previously (Génin et
al., 2009 must be modified, with provision for Mg incorporation in the minera. lonic
Activity Products must then be written for each of the three end-members: Mg(OH),,
Fe(OH), and Fe(OH),, the pure end-members keeping the aystal structure of the green
rust. Soil solutions from hydromorphic soils are used to chedk the model and to

constrain the ranges of variation d the moleratiosx = Fe'/Fe_, andy = Mg/ Fe_, .

I ntroduction

Green-blue mlour in soil s has been used as a diagnasis criterion in the definition o gley
and soil clasdficaion since the ealy beginning d soil science and ascribed
immediately to the presence of Fe(ll) oxide, cdled "protoxide', by VysostsKii
(1905[1999). In the process of corrosion d steel, the role of a mixed Fe(ll)-Fe(l1)
hydroxide cdled "hydrated magnetite" has been evidenced by Girard and Chaudron
(1939. Bernd et a. (1959 have shown that these mmpound were hydroxysalts rather
than hydoxides or oxides and they designated them under the generic name of « green



rusts » (hereafter abbreviated as GRs). Stampfl (1969 identified the cabonate form as a
corrosion product of urban water pipes and olserved that GRs belonged to alarge group
of isostructural M(I1)-M(I11) hydroxides, the group d pyroaurite-g6grenite, with Ca(ll)-
AI(IIT), Mg(l1)-Fe(1ll) compounds among dhers. These mmpound are highly readive
and labile, and when in contad with oxygen from the @amosphere, they readily oxidize
into lepidocrocite or goethite, so that they canna be determined by classcd methods of
preparation o soil samples, i.e. after air-drying. Moreover, their small abundance
predudes their determination by XRD. The study d these wmpound has thus
remained confined to the laboratory and to synthetic products mostly in the field of
corrosion science (Génin and coworkers). The discovery of these mmpounds in natural
environments, spedfically aad to reutral gley soils (Trolard et a., 1996; 1997 has
confirmed the hypahesis formulated by Vysotskii (1905 abou the existence of Fe(lIl)
oxide in dey soils, and demonstrated for the first time the existence of GR as a natural
mineral, for which the name «fougerite» and the globa formula Fe(ll),  Fe(lll),
(OH),,, has been proposed.

This was obtained by combining Mésdauer and Raman spectroscopies and selective
Kinetic extraction technique. The mole ratio x is directly given by Mdsshauer
spedroscopy and the results obtained show that it is not constant and ranges from
x=1/3 to 23 (Abdemoula & a., 1998 Génin et a., 1998H. The anaysis of soil
solution and computation d lonic Activity Products (IAP) show that (i) solutions are
undersaturated with respect to chloride-, carborete- and sulfate- GRS, the solubility
products of which were previously known from laboratory studies of these synthetic
products; (ii) conversely IAPs for GR-OH are quasi constant when the master variables
(pH, pe ad log[Fe™]) vary, and close to the value erlier propased for Fe,(OH), by
Ponramperuma d a. (1967). Moreover, the « best » values of x estimated from the
computation d IAPs are identicd to the values obtained dredly in the same locéions
by Mosshauer spectroscopy (Génin et a., 1998k Bourrié d al., 1999. Tentative values
were propcsed for the standard enthalpies of formation d the three types of GR-OH
evidenced in the field, ramely for x = 1/3, /2 and 23 considered as discrete values
(Bourrié & a., 199). A solid solution model was later fitted to these data and to the
experimental value for Fe(OH), from the literature (Génin et a., 2003, which proved to
be regular and nd ided. Then an EXAFS study was undertaken on the mineral and
synthetic GRs and pyroaurites, which (i) confirmed that the mineral belongs to the GRs
group, bu (ii) led to the conclusion that the natural mineral contains Mg(Il) in addition
to Fe(ll) and Fe(ll1), which canna be seen by Mdsshauer spectroscopy (Refait et a.,
2007), and was nat taken into acount in the solid solution model. The am of this paper
is thus to discussthe structural and geochemicd constraints that must satisfy a solid
solution model for Mg(ll)- Fe(l1)-Fe(l11) GR.

Structure of the mineral and structural constraints for a solid solution model

Green Rusts consist of brucite-like layers of Fe(OH), in which part of Fe(ll) is oxidized
into Fe(lll), the excess of charge being compensated by interlayered anions; the
interlayers are hydrated. Two types of structure eist depending on the nature of
interlayered anions.

» With sphericd or planar anions such as chloride and carbonate, GR1 compound are
obtained in which the stacking sequence is AcBiBaCjCbAKA... (Génin et al., 199&)



where A-C designate OH" planes, a-c meta cations layers and i-k intercalated layers,
and the structure is rhomboedral. More specificdly, the XRD study d GR1(Cl) (Refait
et a., 199&) shows that the structure resembles that of pyroaurite
[Mg(ll) Fe(l11) (OH),,]* [CO, *» 4H,0] and iowaite, a Mg(ll)-Fe(lll) pyroaurite-like
mineral incorporating CI° anions. The rhomboedra structure is due to the stadking
sequence of layers AB BC CA. Fe(ll) and Fe(lll) cations are distributed randamly
among the octahedral positions. Water moleaules in the interlayer are situated close to
the 3-fold axis which conneds two OH' ions of adjacent hydroxide layers. The fit of the
intensities of peeks improved with H,O molecules dightly closer to the OH-OH 3 fold
axis, at 0.032 m vs. 0.080 m for CI, which is consistent with the larger ionic radii of
CI" (0.181 m) as compared to OH (0.135 m) (Shannon, 19%). The refined structure

for GR1 (Cl) isthus rhomboedral, the symmetry groupis R3m and the parameters of the
conventional hexagonal lattice are a = 0.31901 m and ¢=2.3856 mm, where the
interlayer to interlayer distanceis c¢/3. In the GR1(Cl) studied, the mole ratio x = 1/4, so
the structural formula obtained is [Fe(ll) Fe(lll) (OH)]TCl*2H,0], with two water
moleaules and ore anion per mole formula. The mole ratio X is not constant however in
GR1(Cl), and values were observed in the range from 1/4 to 1/3 urtil now (Refait et a.,
1998&).

» With tetrahedral anions, such as sulphate and selenate, GR2 compounds form, in
which the stadking sequenceis the origina sequence of Fe(OH),, i.e. ACBIA...(Génin et
al., 199&). GR2s crystallize in the trigoral system, and the c parameter is much
smaller, since it corresponds to a single interlayer to interlayer distance. However, due
to the larger size of the anions, two layers of water moleaules can be intercdated.

The exact nature of the cmpensating anion in the Green Rust mineral « fougerite »
canna be diredly determined asits abundanceis snall (total Fe,O, content in soil i s ca.
4 % only), the minera is labile and canna be separated from the other minerals and
Mosshauer spectroscopy is only sensitive to Fe. From the composition d soil solutions
analyzed in the locditi es where GRs were identified, it was concluded that the most
likely anionis smply OH (Trolard et a., 1996; 1997; Génin et a., 1998b; Bourrié ¢
a., 1999, which leads to a general formula [Fe(ll) _Fe(lll) (OH),]"[x OH], with x
ranging from 1/3 to 2/3. The GR “fougerite” would then be similar to meixnerite, a
natural MgAl(OH),, - 4H,0, a nealy CO,-free mineral that transforms rapidly to
hydrotalcite, the carborete form, in the presence of CO, (Koritnig and Susse, 1975.
Synthetic [Mg(ll) ,Al(IIl) (OH),]"[x OH . (0.81-x) H,0] with 0.23< x < 0.33could be
obtained in CO, free andtions (Mascolo and Marino, 1980).

The structure was thus assumed to be analogows to GR1(Cl) , since OH is Pphericd as
CI'; but the latter anion hes a larger size than the former, and in GR1(Cl), orne water
moleaule is missng between two neighbouing anions. Instead, in GR1(OH), the
interlayer space ca be completely fill ed with water moleaules and OH ions, that are of
the same size, in a ompad pavement, which leals to the complete general formula
[Fe(ll), Fe(lll) (OH),]"[x OH (1-x) H,O], or globaly Fe(OH),... The variation d x
when the mineral is oxidized o reduced does not the imply the diffusion d an
interlayered anion to or from the externa solution, bu merely the deprotonation o a
water molecule or the protonation d a OH anion, which is extremely fast. This can
explain the large range of variation olserved for the mineral as compared to synthetic
GRs. The structure for GR1(OH) was thus propaosed to be analogows to GR1(Cl), with a



symmetry group R3m and lattice parameters a « 0.32 m and ¢ * 2.25 mn, i.e. the same
value for a, but a smaller value for ¢, due to the smaller size of OH (Génin et a., 200).
The structure of the mineral was gudied by X-ray absorption spedroscopy (XAS), bah
by recording the Extended X-ray absorption fine structure signal (EXAFS) and the X-
ray absorption rear edge structure signa (XANES) at the Fe K-edge, aong with
transmisson Moéssauer spedroscopy (TMS). The same techniques were gplied to
synthetic GR1(Cl), GRl(Cog), and to a synthetic pyroaurite with approximate formula
[Mg(ll) Fe(I11) (OH), ]*[CO,"snH,O]. Two samples of hydroxycarboretes obtained by
mixing Fe’", Fe” and Mg” salts and copredpitating hydoxides by addition  NaOH in
presence of Na,CO, were dso prepared and analyzed by TMS. The x mole ratios were
measured by Mosdauer spectroscopy, and povder X-ray diffradograms were
performed on the synthetic samples. The global formulae of the mmpound obtained
were Fe(11),Mg(I1),Fe(l11) (OH),,CO, and Fe(l1),Mg(l1) Fe(I11) (OH),.CO..

The main results obtained are the foll owing (Refait et al., 200):

(i) both Fe™" and Fe™ valence states occur in close neigbourhood, as evidenced from the
XANES part of spectrum, which is sensitive to the oxidation state of Fe and to its locd
symmetry, that are very similar for GR1(CO,) and the mineral; thus there ae no
separate dusters of F&”* and Fe™;

(ii) the minera is confirmed as belongng to the group of GR1, as TMS spedra of the
mineral and d the synthetic GR1s display the same sets of quadrupde douldets;

(iii ) the lattice parameter a, is obtained at about 0.31-0.32 nm, as earlier predicted, from
the second P, pe&, i.e. the Fe-Fe distance, of the Pseudo-radial distribution function
(PDRF) ;

(iv) noinformation can be obtained onthe exact nature of the anion and the value of c
parameter cannd be estimated as the signal is not sensitive to the interlayer occupancy,
which is too far from the asorbing atoms and/or is composed of atoms with small
atomic numbers Z;

(v) the positions of farther — and smaller - peaks of the PRDF correspond to the
hexagoral array of cations, seand, third etc. neighbous of Fe, in the sequence a<3, 2a,
a*7, 3a (Rouss et a., 2000.

(vi) Mg substitutes for Fe in the minera ; the evidence for this is that the intensiti es of
peeks of the mineral do nd match the intensities of GR1s either Cl or CO,, which are
very close to each ather. The intensiti es of the Fe-Fe peaks P, for the synthetic GR1(Cl)
and GR1(CO,) are much larger than for the mineral. An even larger deaease of the
intensity of P, pe&k is observed with synthetic pyroaurite, the PRDF of the mineral
being thus intermediate between PRDF of GR1s and PRDF of synthetic pyroaurite ;

(vii) the local ratio Mg/Fe is abou 2+1 ; this was estimated by fitting the contributions
of Mg and Fe to the badk-Fourier transform of the PRDF curve: in the cae of synthetic
GR1s, no Mg is present and badkscatering atoms are Fe @oms, whereas in synthetic
pyroaurite, each Fe aom is surrounced by Mg atoms, so that Mg atoms are the only
badkscattering atoms. The signal of the minera could thus be fitted as a linea
combination d the signals of synthetic pyroaurite aand GR1s, with a=0.3125 mm,
spedficdly Fe-Fe=0.312+ 0.0005 m, and Fe-Mg = 0.313 + 0.0005 mn.

The general structural formulafor the mineral must then be modified as:
[Fe“(l-x)Mg”yFemx (OH)2+2y]+X * [XOH « (1-x+y) H,O] K

From structural considerations, the lower possble value for x is zero, which would
correspondto a solid solution ketween Fe(OH), and Mg(OH),. The dfedive ionic radii



of F&" and Mg™ are very close to ead aher, respedively 0.078 m and 0.072 m, so
that extensive substitution is possble and indeed most natural Fe(l1) oxides, hydroxides
and sili cates admit continuows sries between pure Fe(ll) and Mg(Il) end-members. The
upper limit for GR1(OH) was proposed as x = 2/3 (Génin et al., 200). According to
Vucdic ¢ al. (1997, there eists a local ordering so that Fe™ cations never neighbaur
eat ather. As eadh cation is surrounded by 6 cdions, this means that this rule can be
generdized now as: every Fe” must be surrounced by 6 bivalent cations, either Fe’ or
Mg”. The basic question is thus : what is the exad structural cause of this limitation ?
For GR1(OH), the excess paositive dcarge is compensated in the interlayer by
deprotonation d the water molecule, so that the dementary reaction d oxidation can be
written as:

H,O H,O OH H,O
OH OH
Fe(ty  Fe(ll) y Fetill)  Fe(ll) +H +¢€ (1)
~~OH — ™~ OH —
H,O H,O H,O H,O

A further oxidation leading to two neighbouing Fe(lll) would result then in two
neighbouing OH in the interlayer. Thisis a priori structurally possble, bu rather than
deprotonating the remote interlayer water moleaule, the repulsive field exerted by the
two Fe(ll1) atoms would result in the deprotonation d the OH of the layer itself by an
« oxdation » process (Jolivet, 1994 and to Fe(ll1)-O-Fe(l1l) bonds. The Green Rust
structure is then nolonger stable and it transforms into magnetite with spinel inverse
structure, or oxyhydroxides such as lepidocrocite (Olowe and Génin, 199).
Substitution d Fe(ll) by Mg(ll) in the structure stabili zes the Green Rust structure and
the x moleratio is all owed to increase to alimit given bythe inequality :
Fe(ll) + Mg(ll)
Fe(lll)
* For y = 0, this corresponds to x « 1/3, i.e. to the global formula Fe,(OH).. This implies
that the values obtained ealier for x=1/2 (Fe,(OH),) and x = 2/3 (Fe,(OH),) must be
ascribed in fad to Mg(Il) — Fe(ll) — Fe(ll1) GRs. It is worthwile to nae that the GRs
heretofore synthesized withou Mg have x ratios snaller than 1/3 (Table 1), except in
one cae, GR1(Cl), with a dightly larger value (x=0.36), which either is not
significantly different from x= 1/3 or would indicae that with some aions it is
possble to acoommodate asmall increase of Fe(lll). Moreover, in the case of selenate-
GR2, the preapitate starts with x = 1/3.25,then x increases to a maximum value x = 1/3,
over which it oxidizes into iron(lll) oxyhydroxides FEOOH. It can thus be cncluded
that the inequality x « 1/3 is stisfied when y = 0, from all the experimental results
obtained so far. Any further oxidation leads to formation d iron oxyhydoxides,
lepidocrocite, goethite, or akaganeite, or to the formation d magnetite — maghemite
minerals. Similar conclusions applied also to compound based on dher trivalent
caions than Fe. It is for example the case for synthetic meixnerite, [Mg(ll),
AL, (OH),]”[x OH . (0.81x) H,Q], which were found to have 0.23 < x < 0.33
(Mascolo and Marino, 1980).

=22 orequivaently, (I-x+y)/xe2,i.e.x*(1+y)/3 2



Table 1 : Structural formulas and Gibbs free @ergies of formation at 298.15K, 1 ker of
synthetic Green Rusts, x = Fe(l11)/Fetotal mole ratio.

Structural formula Group X Ref. | p°exp. p°cdc.’

kJmol™ | kJmol™

[Fe(ll),Fe(l11)(OH),] TCI" «2H,0] GR1 14 1| -2145+7°| -2132
[Fe(Il) Fe(l11) (OH), ] [SO,” «4H,0]* GR1 14 2 - -5162
[Fe(Il) Fe(l1) (OH),]*[C,0,” *3H,0]* GR1 14 3| -5383+3°| -5365
[Fe(ll). Fe(lln),(OH), ]*[SeO,” *8H,0]* | GR2 | 1/3.25 4 - -5007
[Fe(l1),Fe(l11) (OH),,]*SeO,” «8H,0]* GR2 1/3 4 - -4006
[Fe(ll),Fe(l1) (OH) ]*[SO,” «8H,0]* GR2 13 5| -3790+10°| -3807
[Fe(I),Fe(ll),(OH),]*[CO,” nH,0]* GR1 1/3]6,7 -3590+5°| -3872

1. Refait et al.,1998a ; 2. Génin et a., 1996a; 3. Refait et a.,1998b ; 4. Refait et a., 2000 ; 5. Refait et al.,
1999 6. Hansen, 1989 ; 7. Driss et a., 1995 ;. a. Bourrié @ al., 1999 ; b. ref. 3 ; c. this paper (cf. infra).

» For ye O, i.e. when ather divalent metals substitute for Fe(ll), further oxidation is
possble & o0n as the inequality (2) is fulfilled. Such a @mpoundwas g/nthesized,
with x=1/2 and y=1/2, by co-predpitation d Mg”, F&" and Fe" sdts, at
stoichiometry : [Mg(ll) Fe(ll) Fe(lI1) (OH) ] TCO,” «nH,O] (Refait et al., 200).

For y = 1/2, the limit is x » 1/2, which corresponds to the former formula Fe,(OH), and
for y =1, the limit is x ¢ 2/3, which corresponds to the former formula Fe,(OH),. These
compounds, whase Fe(l1)/Fetotal ratios were observed in hydomorphic soils, can thus
only be stable if they incorporate other divalent cations than Fe(l1), for which Mg(ll),
due to its abundancein the environment is the more likely candidate.

The proposed complete formulas for the mineral are given in Table 2, urder the
assumption that the total number of water moleaules and OH ionsis constant and equal
to the total number of cations in the mole formula, with ore mondayer of water in GR1
type @mpound. Larger Mg substitutions are possble, as this consists smply in
diluting Fe @oms, and from y ¢ 2, the mmplete oxidation d iron is passble, which
leads to a compoundisomorphots to pyroaurite, with OH as a compensating anion
instead of carborete. The inequality (2) can be graphicdly drawn in a trianguar
diagram in the system Mg(OH), — Fe(OH), — Fe(OH), (Figure 1).

Table 2: Proposed structural formulas for the GRL1(OH) minera, with
x = Fe(l11)/Fetotal mole ratio, and y = Mg/Fetotal mole ratio (Refait et a., 2009, and
for the isomorphous OH" analogue of pyroaurite.

Structural formula (for minimum value of y) X y®
[Fe(Il),Fe(l11)(OH) ] TOH «2H,0] 1/3 0
[Mg(Il) Fe(IT)Fe(111) (OH) J [OH «2H,0] 12 12
[Mg(ll) JFe(I)Fe(l II)Z(OH)12]2+[20H' *4H,0] 2/3 1
[Mg(ll) Fe(I11)(OH) J TOH «2H.,O] 1 2

a. minimum value for y (seetext)
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Figure 1 : Diagram for the ternary system Mg(OH), — Fe(l1)(OH), — Fe(OH),.

Solid line : limit between the excluded domain and the domain al owed for GR structure to be stable;
dashed line : limit of the incipient predpitation d GR ; M-A (hatched) : interval of composition o
synthetic GRs ; A. Fe,(OH),; B. previously « Fe,(OH), » = [MgFe(Il)Fe(ll1)(OH) ] [OH*2H,0] ;

C. previoudy « Fe,(OH), » = [Mg,Fe(Il)Fe(l11),(OH),,]*[20H+4H,0]*; D. limit with complete oxidation
of Fe [Mg,Fe(l)(OH).] TOH+2H,0]’; N-P : path of oxidation of natural GR (seetext).

The Fe(l11) mole fradion must be lessthan 1/3, which separates the excluded damain
from the domain where Green Rusts are structurally possble to form. Among excluded
forms are not only Fe(OH),, but all mixed puely iron hydoxides Fe(ll) ,, Fe(ll1) (OH),,,
with x ¢ 1/3, including the previously considered compound Fe,(OH), and Fe,(OH),
(ferrosic  hydroxide of Arden, 199%). This is consistent with the formula
Fe(OH),*2FeOO0H for « hydrated magnetite » used by Olowe and Génin (1997), Refait
and Génin (1993, which implies an oxdation d Fe(lll)-Fe(l1l) bridges.

Geochemical constraints

The solid solution model ealier proposed (Génin et al., 200) must be revised
acording to the presence of Mg in the mineral. This adds a degree of freedom to the
system. The solid solution is now ternary, and the end-members are the hypaheticd
minerals with a GR1 structure of the same wmpasition as Fe(OH),, [Fe(OH),] TOH]
and Mg(OH),, bu not necessarily with the same thermodynamic properties as their



isomers of different structure. The equili brium between soil solution and the solid
solution must then be cdhedked by writing a separate eguili brium equation for each pde:

Fe(OH), + 2H'= Fe" + 2H,0 (3a)
[F&(OH),]'[OH] + 3H" + e=Fe" + 3H,0 (3b)
Mg(OH), + 2H = Mg™ + 2H,0. (30)

In the following, indices 1, 2and 3will refer respedively to Fe(ll), Fe(l1l) and Mg(l1)
pure end-members. lonic Activity Products for each pde ae defined by:

logIAP, = log(F€") + 2 loga, + 2 pH (4a)
log 1AP, = log(F€™) + 3loga, + 3 pH + pe (4b)
log 1AP, = log(Mg™) + 2log a, + 2 pH, (4c)

where quantities in parentheses are the activities of chemical spedes considered, g, is
the adivity of water, pe is related to the redox pdential measured with resped to the
normal hydrogen eledrode E,, by pe=(FE)/(In 10 RT, T is the asolute temperature
with F = 96485.309C.mol ™, R = 8.31440J.mol K™

At equili brium, ore has:

logIAP, =logK, +loga, (59)
loglAP, =logK, +loga, (5b)
log AP, =logK, + loga, (5¢)

where aisthe adivity of paei in the solid solution, which is different from the unity,
asthe mineral isnot a pure mineral in standard state.

The adivity coefficient A, of pdei in the solid solutionis defined by :

A=alX, (6)
where X, isthe mole fraction o pdei in the solid solution, and the dhemicd potential of
ead pdein the solid solutionis given by:

L=+ RTINX +RTInA, ()
The @ndtion d equili brium can thus be dhecked by computing first for each pde:
log X, =10g1AP. - logK —logA, (8)

and seandy by summingthe X,. The condtion olained isthen:

> X, <1thesoil solutionisundersaturated with respect to the solid solution;;

2, X, = 1 the soil solutionisat equili brium with the solid solution ;

2, X, > 1 the soil solutionisoversaturated with respect to the solid solution.

This generalizes the andtion IAP < K, IAP = K, IAP > K for a pure solid (Bourrié,
1983.

The values of log IAP, can be obtained from the cmposition o soil solution and the
computation d adivities (Bourrié & a., 1999. One must know the values of K, for pure
end-members, which here it is not passble to dredly measure & the purely ferric pole
isvirtual, and knowv alaw relating A, to the cmpasition d the solid solution, i.e. to the
X.. For an ided solid solution A, = 1. For aregular ternary solid solution, the eguations
are (Prigogne & Defay, 1946,t.11 p. 80 :

RTIn )\1 = A12X22 + A13x32 + szs(Alz _Aza + A13) (98_)
RTIn )\2 = A23x32 + A12X12 + XlXS(A12 + Azs - AlS) (9b)
RT In )\3 = A13X12 + A23x22 + Xlxz(' A12 + Azs + AlS) (9C)

This implies that three parameters must be experimentally measured and fitted to a
model of ternary regular solid solution. For Green Rusts, we can make the assumption
that the Fe(ll) — Mg(ll) substitutionis ided. Thisimplies that A, = A, O X,, and that if
X, =0, oreobtains the ideal solid solution Mg(ll)- Fe(l1), hence:



RTInA, =A_, X, =0, hence A, = 0. The same aaumption implies that the dfeds of
pole 1 and pde 3 onthe activity coefficient of pde2 arethesame, i.e. A ,=A,,.
One eventually oltains :

RTINA, =A_X, (1Ge)
RTINA, = A_(X,+ X, (10b)
RTINA,=A_X/ (10c)

There remains only ore ajustable parameter, A, = A,, and pdes 1 and 3 pay the same
role, and this can be equivaently written as:

RTInNA, =A X, (114)
RTINA,=A,(1-X,)’ (11b
RTINA,=A X, (11c)
Theided and excessGibbs free energy of mixing are respedively given by:
AG, /RT=X InX,+X,InX, +X,InX, (12
AG, /RT=X_InA +X,InA, + X, InA,, (13
and bysubstituting the equations (10), ore obtains:
AG, . =A,X,(1-X), (149
Mo =X e+ X, 2 + X, ) + RT[X, InX, + X, InX, +X,InX ]

+ A12 Xz(l' Xz)a (15)

which was the expresson wsed to fit the regular solid solution model previously (Génin
et a., 200). The parameter A, is identical to the parameter A, obtained previously,
though the value erlier proposed must be revised as Mg was not considered. In
principle, the system can be solved by successve iterations for each agueous lutionto
chedk equili brium, if K, are known. In fad, as the solubiliti es of Mg(OH), and Fe(OH),
are very large, solutions are largely undersaturated with respect to these end-members,
which results in numericd unstabiliti es. Moreover, the end-members have brucite-like
structure, with nointercalation d a monamolecular layer of water, and as o0nas Me
Fe(ll) is oxidized, the layers separate, hydrate and compensating anions enter the
interlayer, which explains why the solid solution is largely nonidea (Génin et a.,
2007). It is thus necessary to better constrain the range of variation d the mole
fradions. On the basis of structural considerations, we have seen that the mole fradion
of Fe(l1l) must be lessthan 1/3,i.e. X, < 1/3, as Fe(ll1) must not be dired neighbous.
Now, if X, is too small, distance Fe(lll)-Fe(lll) is too large and the minera will not
form as the solubiliti es of Fe(OH),and Mg(OH), are very large. Experimentally, starting
from Fe(OH),, and letting it oxidize gently in contad with air, synthetic GRs form in
coexistence with Fe(OH), from x = 1/4.

With Ni(ll) the compound oltained with the initial ratio Fe(Il)/Ni(ll) = 1/3 - i.e
X, = 3/4, byassmilating Ni(Il) to Mg(ll) infigure 1 —is a GR1 isomorphous to GR1Cl,
with x = 1, and X, = 1/4 (Refait and Génin, 1993. The unique product obtained
corresponds to X, = 1/4 (the paint of intersedion d the dashed line with the side
Mg(OH), — Fe(OH), in the diagram). For larger initial ratios Fe(I1)/Ni(l1), /2 and 1,the
initial products obtained bea X, = 1/4 too.

In  pyroaurite, Mg(ll) Fe(ll) (OH) CO#4H,0, X,=14; in GR1 (CO,),
Fe(Il) Fe(l1l),(OH),, .,»nH.O, x ranges from four to six, (X, = 1/4 to 1/3) according to
Murad and Taylor (1984, while x = 4 following Driss et a. (1994 (X, = 1/3).
Similarly, when AIl(lll) substitutes for Fe(lll), the product obtained by Taylor and
MadKenzie (1980) is Fe(ll), [Al(II), Fe(ll)],(OH),.Cl, .., with X, ( mole ratio of



trivalent ions) = 1/4, while in desautelsite, synthesized by Hansen and Taylor (1991,
Mg(ll), Mn(l1I) (OH)_(CO,”),,, with 2< x <2.67,i.e. /4 < X, < 1/3.

It can thus be concluded that the formation d GRs or more generally of pyroaurite-type
compounds begins at the mole ratio X,= M(III)/[M(I11) + M(Il)] = /4. The value
X, = 14 corresponds dructuraly for GR1(OH) to a distance Fe(l11) —Fe(l11) minimum,
d = av3, where a is the parameter of the hexagoral lattice. We will then consider that
the lower limit for the mole ratio X, is geochemically constrained to 1/4, and that the
upper limit is gructurally constrained to 1/3. The domain of composition d either
synthetic or natural GRS is thus comprised between X, = 1/4 (dashed line in figure 1)
and X, =1/3 (solid linein figure 1).

We can nov asume that the molar Gibbs free @ergy of formation d GRs is minimum

in the range X, = [1/4, 1/3], which is rather narrow. This is true even for pure Fe(ll)-

Fe(ll1) system. When expressed as afunction o mole fradions, ore has :

M= GIn = X, + X1, (16)
and by cerivating with resped to X,, ore obtains (Prigogne & Defay, 1946,t.11, p. 19 :
WX, = 1, - 1, =0, (17

which can be solved for A ,, and gves eventualy :

A12 = [u1° - p2°_ RT ln (XZ min./l-XZ, min.)]/(l - 2(2, min.)’ (18)
or
AJRT = [(1° - ) RT =In (X, , /X, UL - X, ). (19

By taking as an average X, ... = 7/24 + 1/24, alinea relation is obtained between A,
and the Gibbs free @ergies of formation d the ferrous and ferric end-members. As a
first approximation, (1,° - K,°)/ RT can be mnsidered as constant, so that from eg. (19),
A,,can be mmputed at any temperature.

The pure end members are Fe(OH), for which p° = -489.8 KImol™ at 298.15K, 1 kar
from Bourrié & al. (1999 and Fe(OH), = [Fe(OH),] TOHT]. As Fe(OH), is virtua, it is
not measurable. This value must however be more positive than the values for
lepidocrocite, goethite with 1 water molecule alded, and haematite, with 2 water
moleaules added, which are the stable or metastable phases. Taking —470.7 Bmol™, for
lepidocrocite (Hashimoto & Misawa, 1973, —480.3 K mol™ for goethite (Détournay et
a., 1979, —755.45 K mol™ for haematite (Bratsch, 1989 and —237.18 & mol™ for
liquid water (Wagman et a., 198), ore obtains a minimum value and p° > -708
kJmol™. The value previously propcsed was p°, = —641 Kimol™ (Génin et a., 2002,
but Mg was nat considered in the mineral. Instead, for gr een rusts to form, A , must be
negative, which implies p°, > -490 Kimol™, by letting X, = X, .= 7/24in eq. 19.The
value of |L° is nat thus constrained enoughto gve areliable value of A , from eg. 15.
The previously puldished vaue p°, = — 641 Kimol™ (Génin et al., 200) leals to
X, min = 2/3, whichisinconsistent with the structural constraints, and must be discarded.
A value for p° must then be obtained in the range of variation d X, where green rusts
exist, bu as the natural mineral fougerite is labile and canna be separated, and urtil
now was nat synthesized, this value must be estimated from the values measured on
synthetic green rusts.
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Estimation of the Gibbs free energy of formation of GR1-OH on the basis of the
model of partial chargesand electronegativities of Allred-Rochow of anions

The experimental values of the Gibbs free energies of formation of synthetic green rusts
are reported in Table 1 at 298.15 K, 1 bar. As basically, the framework is the same, we
can look for a relationship between this thermodynamic property and a suitable
parameter. The changes are essentially the nature of the interlayered anion, the number
of moles of water, which depends on the type of GR, and at a lesser dgree, the mole
ratio X,. Those factors are closely correlated, and the nature of the anion is the main
factor. Asthe interactions between the layer and the anion are of el ectrostatic nature, we
chose the electronegativity of the anion as parameter, more specifically the Allred and
Rochow electronegativity scale, asit is based on the energetics of interaction between a
molecule and the electron and is a function of the global charge Z of the molecule,
following the model of partial charges developed by Jolivet (1994). Given the
electronegativities x* of the elements, the el ectronegativity of amoleculeis:

Y VX +136Z

z 1
With x* = 2.50for C and Se, 3.50for O, 2.83for Cl, 2.48for S (Jolivet, 1999 the
values obtained for the anions are x = 0.54for CI”, 1.86for SO,”, 2.0for CO,” and SO,”
, 2.29for SeO,” and 2.33for oxalate C,0,”. The Gibbs free energies of formation o
synthetic green rusts, namali zed to 1 Fe aom, are plotted versus the dectronegativities
of the interlayer anions in Figure 2. The value of the Gibbs free energy o formation o
Fe(OH), is plotted at x = 0, as the interlayer is empty. All paints except GR1(CO,”) and
including Fe(OH), and GR2(SO,”) are perfectly aligned, alonga straight line foll owing
the empiricd law :

H°/n = -76.887x -491.5206, r° = 0.9986 (21
where n is the number of Fe @oms per mole formula, and peisin kI mol™.

The diff erences between calculated and experimental values are within 0.6% except for
GR1(CO,*), which will be discussed just below. It is remarkable that (i) the value for
Fe(OH), plotted at x = 0 is aligned with GRs, (ii) that GR2(SO,”) is aligned with GRIs.
This confirms that the main factor is the nature of the anion. The stacking dfferences
between the two types of GRs and the number of molecules of water do nd reflect in
the dispersion. Considering the number of molecules of water and computing the
eledronegativities of ClI.2H,O etc. resulted in a large scatering o poaints in the
diagram. The normalized Gibbs free aergies of formation d GRs are entirely explained
by the dedronegativity of the aiion.

X= (20
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Figure 2 : Relation between Gibbs free eergy o formation d synthetic Green Rusts
(see Table 1), namalized to 1 atom Fe/mole formula axd the Allred and Rochow
eledronegativity of the interlayer anion, computed following the model of partia
charges (Jolli vet, 1999 (seetext, eq. 20.

Solid line: linea regresson, through all points except GR1(CO,”) ; bladk squares : Gibbs free energy of
formation d GR1(CO,”) (Table 1) at x = 2, and recdculated from experimental data (Table 3) as

GR1(HCQ,) (readion 2J), at x = 2,49 ; the dashed line mnneds those two extreme values for carbonate
Green Rust 1.

For GR1(CO,”), the discrepancy is 8 % and is largely out of range of the experimental
uncertainty, i.e+ 11 kImol™. This value is derived from measurements of Eh and pH at
equili brium between Fe(OH), and the Green Rust from Drisg et al., 1994(Table 3).

Table 3 : Experimental data used to reevaluate the Gibbs free energy of formation o
GR1(CO,"), from Driss et a. (1999

R=OH/Fe| En/V | pH | aCO,” | logaCO,” [logaHCO,| logK [A,G°(d)| K (€) ue/6
(@ (@ (@ (@ (b) () /kImol™ | /kImol™ | /kJmol™
0.545 -0.598| 10.82| 0.027 -1.569 -2.059 24.33| -138896 -4251.24| -70854
0.600 -0.597| 10.20, 0.015 -1.824 -1.694 23.57| -134539 -4246.88) -707.81]
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0.615 -0.596| 1019 0.015 -1.824 -1.684 2352| -134232 -4246.57| -707.76
Average -0.597) 10.40| 0.019 -1.739 -1.812| 23.807| -135.89| -4248.23| -708.04
SD 0.001 0.36] 0.007 0.147 0.214 0.457 2.61 2.61 0.43
a Driss et al. (1994 ; b. computed aslog aHCO, = log aCO,” - pH + 10.33 ;
c.logK =- 2[FE, /(In 10) RT — 2log aHCO,] ; d. Ap G°=-(In 1QRT logK ;

The value obtained for GR1(2HCO,) when namalized to 1 atom Fe and dotted at
X(HCO,) = 2.49is below the general regresion line. Carborete Green Rust is thus
indeed amixed CO,” HCO, GR. Theintersedion ketween the solid line and dashed line
in Figure 2 leads to an average value X = 2.32=0.65X(HCO,)+ 0.35x(CO,%).

We can thus conclude that the best formula for carborete GR1 is:

213 {[Fe(ll) Fe(Il1) (OH),J*[2HCO, 1’} « 1/3 {[Fe(ll),Fe(lll) (OH),J*[CO, '}, or
equivaently [Fe(ll) ,Fe(lll) (OH)_]*[4/3 HCO, » 1/3 CO,”] *. Thus, we have:
[HCO,]/[CO,*] = 4 in the interlayer, which corresponds to pH = 9.73,i.e. 0.5t0 1.1
lower than the pH in the external solution, and can be ascribed to the dasscal surface
addity of theinterlayer. There is no steric hindrance, as there are 6 Fe @aoms, so thereis
spacefor 6 H,O molecules, i.e. 6 O. In the formula proposed, there ae 5 O, so there
exists the posshility to have 1 water moleaule in addition in the cell. From the value
X =2.32,and eg. 21,we obtain p*= -4018 Kkmol™ for GR1 (4/3 HCO, « /3 CO,") at
298.15K, 1 far.

From eq. 21,with x(SO,?). = 2 and x(Se0Q,”) = 2,29, we obtain the Gibbs free energies
of formation d the other synthetic Green Rusts: GR1(SO,*), GR2(SeQ,*), which are
reported in Table 1.

From eq. 21, with X(OH) = 1.60, we eventually obtain p° = - 614.5 Kmol™ for
GR1(OH), with 1 atom Fe per mole formula, from which we can solve atirely the
regular solid solution model.

From eg. 17,we have & the minimum, y, = |, and from eg. 16,we obtain :

e =W = =-614.5 Kmol™* (22
which fromeqg. 7and 115, or 11b gves siccessvely :

W= +RTINX, —A_, X} (23
L=k +RTINX,—A_(1-X)". (29

With X, = 17/24,X, = 7/24 and |4° = -489.8 Kk mol ™, we obtain A, = -1455.8 K mol”,
and from eq. 24,we obtain °= + 119. K mol™. As expeded, A,, is negative, which
implies that GRs will not demix at any temperature (Prigogne & Defay, 1946). The
positive value for ,° implies that a GR structure for Fe(OH), is absolutely imposshble.
Eledrostatic repulsions would be so large that this compoundwould be unstable with
resped to the dementsin their standard state, metdlic Fe, O, . andH, !

The value p° = - 614.5 K mol ™ for GR1(OH) near the minimum at the limit X, = 0 (no
Mg in the mineral) isin the range of the values previously proposed for Fe,(OH),, i.e. —
1799.7 Kmol™, or —600 KI mol™/ 1 atom Fe, and for « Fe,(OH), », i.e. — 1244.1 Rmol”,
or — 622 K mol/ 1 atom Fe, bu it must be preferred, as it is based on carefully
controlled experiments on synthetic GRs, thermodyramics of solid solutions and the
model of partial charges.

Our solid solution model for Green Rusts is now completed with the value for the pure
Mg(OH), end-member, for which we take the value for brucite, 1.° = - 83367 kImol,
from E° = - 2.690V for Mg(OH),,,/ Mg,,,OH (Bratsch, 1989.
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Ched of soil solution —Green Rust equilibrium

Soil solution was gudied in the site where green rust was discovered (Trolard et a.,
1996; 1997, in a gley soil developed on ganite & Fouggeres (Brittany, France) and
simultaneously threetypes of data were measured (Feder, 200)): (i) Mossauer spedra
were aquired in the field at different depths and times; (ii) Eh, pH were monitored in
the groundwater at 70 cm depth every hour, in agley harizon; (iii ) the soil solution was
sampled every week or twice amornth for complete analysis.
The results are presented el sewhere in this volume (Feder et al., 2003.
Mosshauer spectra show clea evidence for the presence of green rusts, and the mole
ratio x = Fe(ll1)/Fe_, in the mineral decreases monaonicdly with depth, from 0.64 to
0.34, as the milieu becomes more and more reducive. At a given depth, when repeated
measurements are made & different times, significant variations of x are observed,
thoughthe amplitude is snaller than the entire variation in the profile. No values were
observed ouside therange x = [1/3, 23].
At the depth where the compasition d soil solution was monitored, x ranges from 0.59
to 0.61.By definition,x = X /(X, + X,), hencewith x = 0.6,X, = 2X./3.
With X, = 1/4, we obtain: X, = 1/6, and X, = 7/12, while with X, = 1/3, we obtain:
X, =2/9, which gves X, = 4/9. By combining the data from M0dsgauer spectroscopy in
the field and the structural and geochemicd constraints for green rust compaosition, we
can thus lve the system and oliain the threemol e fractions of the mmporents.
The range of compaosition d the green rust mineral at that depth is thus between
[Md",, Fe' Fe" . (OH),]"*[1/4 OH+3/4 H,0]"* designated as Fougerite 1 (F1) and:
[Md', Fe',.Fe" ,(OH),]**T1/3 OH+2/3 H,0]***, designated as Fougerite 2 (F2).
The range of variation d mole fradions is narrow : AX, = 1/18; AX, = 112;
AX,=5/36. In the narrow range where green rusts are stable X, « X, . = 7/24, and
acording to ou assumption, p°is minimum and can be onsidered as constant, so that
as afirst approximation, geen rust can be gpproximated as a solid of fixed compasition
and the euilibrium reaction simply written in the dasscd way, for which it is
convenient to use mole fradions:
[X, Fe(OH),* X, Fe(OH), * X, Mg(OH),] + X, € + (2X, + 3X, + 2X, ) H"
= (X, + X,) Fe" + X, Mg™ + (2X, + 3X, + 2X,) H,0,(25)

and to which massadion law can be directly applied as:
(X, +X,) log (FE) + X, log (Mg™) + X, pe +(2X, + 3X, + 2X,) pH =logK, (26)
wherelogK isgiven by:
logK =[(X, +X,) AG®(Fe",) + X, AG°(Mg™,)

+(2X, + 3X, + 2X,) AG®, (H,0) - u7 / (In 10 RT., (27)
in which p°isthe diemica potentia of the solid, and can be computed from our model,
using eg. 15.The computations are made & 298.15K.
The results obtained are p°(F1) = - 813.5 Kkmol™ and p{F2) = - 761.6 Kkmol™, from
which ore obtains, for Fougerite 1 :

log(Fe™) + 7/5 log(Mg™) + 27/5log a, + 3/5 pe +27/5 pH = log K, = 25.7, (29)

andfor Fougerite 2 :
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log(F€™) + 4/5log(Mg™) + 21/5log a, + 3/5 pe +21/5 pH = log K, = 20,2. (29

Activities were computed for a set of 68 soil solutions ssmpled in Fougeres from
February 1999to June 2000(Feder, 20Q1) :

log IAP,, valuesrange from 22.8to 32.2( av. =28.13,0 = 2.6)) ;

log AP, valuesrange from 17.6to 24.8( av. =21.77,0 = 2.).

It can thus be concluded that log IAP for the natural mineral are dose to the values
obtained from our model. The uncertainty on the values of log K ohtained for the
mineral must be @ou + 4 kJmol™ for 1 atom Fe in the mineral, which gves + 0.7
logarithmic units. Net supersaturations are observed for Fougerite 1, if one @nsiders
that log IAP > log K + 2 o indicaes a supersaturation. Only slight supersaturations are
observed for Fouggrite 2.

Conclusions and implications concer ning the genesis of green rustsand Mg and Fe
geochemistry

A regular solid solution model has been developed for Green Rusts, in the ternary
Mg(OH), — Fe(OH), — Fe(OH), system. This model degenerates to a binary system if the
idedity of Fe(ll) — Mg(Il) substitution is assumed, so that it relies on four parameters,
the dhemicd potentials u° o the three end-members and the parameter of non idedity
A_.. The values of p° for Fe(OH), and Mg(OH), are known, bu p° for Fe(OH), and A,
are unknown.

In accordance with the @rpus of available data on the structure and composition o
Green Rusts and similar compounds, the maximum value of the mole ratio
X, =M(I11)/M(11) /3, which ensures that trivalent ions canna be dired neighbous.
Due to the large solubility of both Fe(OH), and Mg(OH),, trivalent ions canna be too
remote from ead ather, and Green Rusts only form from X, = 1/4. This constrains the
mole ratio X, in the narrow range [1/4 — 13]. The propations of Fe(ll) and Mg(ll)
however can vary fredy.

A linea relation hes been oltained between the Gibbs free energies of formation d
those compounds, p°, nomalized to 1 atom Fe, and the dectronegativity x of the
interlayer anion, u°/n = -76.887x -491.5206(r* = 0.9986 n= 4).

The dectronegativity of the interlayer anion entirely explains the variation d p°; the
two types of GRs and Fe(OH), follow the same law. There is no evidence for either a
screening effed of the interlayered water molecules, or an effed of the stacking mode
of layers.

The discrepancy between the predicted value for GR1(CO,”) and the observed value has
been explained by the presence of bath HCO, and CO,” in the interlayer, with a new
formula [Fe(ll) Fe(ll1),(OH),]*[4/3 HCO, « /3 CO,”] *, and p°= 4018 kImol™ at
298.15K, 1 bar.

The Gibbs free energies of formation d other synthetic, sulfite- and selenate Green
Rusts are predicted from the relation oliained.

Similarly, the Gibbs free eergy of the limiti ng case of the natural mineral (withou Mg)
of formula Fe(ll) , Fe(ll1) (OH),,, is obtained as p° = - 614.5 Kkmol * with ¥4 < x < 1/3.
The two unknavn parameters of the model are then solved : A, = - 1455.8 Kmol™ and
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W° =+119kJI mol™ for Fe(OH).. This latter positive value is due to the large repulsion
of trivalent ions, and explains the imposshility for Fe(OH), to adopt a brucite-type
structure.

From this model, the chemicd poatential of any ternary solid solution can be computed.
Thisis applied to field data from Fougeres, where the natural mineral « fougerite » has
been dscovered. From Mésdauer in situ measurements, and the asumptions of our
model, the threemole fradions can be obtained. The chemicd patentials of two types of
« fougerite » are computed and equili bria between soil solutions and these minerals
cheded. The solutions appear close to the equili brium, bu sometimes supersaturationis
observed.

The implications as concerns Fe and Mg geochemistry are the following: due to its
extremely small solubility, Fe(lll) is absent from the solution, and when the oxides are
reduced, Fe" is released in solution, in milieus where Mg™ is present too. When
oxidation accurs, Fe” predpitates with F&© and Mg™ to gve rise to Green Rust
« fougerite ». The initial Fe&/Mg in the mineral is fixed by the cmpaosition d the
solution. Then, «fouggrite » is progressvely oxidized at constant Mg mole ratio, (path
from N to P, Figure 1). When the Fe(l11) mole ratio reaches its maximum X, = 1/3,
« fouggerite » dislves and lepidocrocite or goethite form.

The new consequence is that Mg geochemistry is invaved: Green Rusts have been
considered mainly with resped to their cgpacity to absorb anionsin afirs sep andthe to
release them badk to solutions. The same occurs here with Mg.
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