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Mossbauer and XAS study of a green rust mineral; the partial substitution of Fe** by Mg**
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ABSTRACT

Layered double hydroxysalt green rusts, GRs, are very reactive compounds and their general
formula, [Fe , Fe’t (OH),** [ x/n A"-m H,OJ*, where x is the ratio Fe**/Fe,,, reflects the structure
in which brucite-like layers alternate with interlayers of anions A" and water molecules. A GR
mineral was extracted from hydromorphic soils in Fougeres (France) and studied by X-ray absorp-
tion spectroscopy (XAS) and transmission Mossbauer spectroscopy (TMS). The XAS spectrum at
the Fe K absorption edge of this mineral proved to be very similar to that of synthetic GRs. However,
the radial distribution function obtained for the GR mineral proved to be intermediate between those
of GR(CO%") and pyroaurite, that is between the Fe?*-Fe** and Mg?*-Fe* hydroxycarbonates. Conse-
quently, a partial substitution of Fe** by Mg?* occurs, leading to the general formula of [Fe?*,_,Mg*Fe*
(OH) oy I [x/n A*-m H,O]* where A™ is the interlayer anion. Unfortunately, the XAS spectra of
various GR proved to be independent of the interlayer anion, and the nature of the anions present in
the mineral GR could not be determined. The Mossbauer spectrum of the mineral, measured at 77 K,
is composed of four quadrupole doublets: D, and D, due to Fe?* [§ = 1.26 mm/s and AE,= 2.5 and
2.9 mm/s, respectively] and D; and D, due to Fe** [6 = 0.46 mm/s and AE,= 0.5 and 1.0 mm/s,
respectively]. Finally, synthetic Mg?*-Fe?*-Fe** hydroxycarbonates could be prepared by
coprecipitation from Mg and Fe salts and lead to Mdssbauer spectra similar to that of the mineral. In
particular, the partial substitution of Fe** by Mg?* proved to be consistent with the existence of the

unusual doublet D,.

INTRODUCTION

The mobility of Fe is of utmost importance in soil- and ore-
forming, biogeochemical and environmental processes because
of its abundance and its variety of oxidation states. In oxidiz-
ing conditions, Fe oxides present are goethite and hematite.
The relative stability of these latter minerals is affected first by
water activity, secondly by particle size (Ferrier 1966), and
thirdly by AI** substitutions in the lattice (Trolard and Tardy
1987). In moderately reducing conditions, Fe is reduced and
siderite occurs in sediments, whereas in strongly reducing con-
ditions, sulfate is reduced, too, and pyrite forms. The relative
stabilities of hematite, siderite, and pyrite have been discussed
using E,-pH diagrams by Krumbein and Garrels (1952), Huber
and Garrels (1953), Garrels and Christ (1965). In the system
air + ocean + sediments, Sillén (1967) considered FeOOH,
Fe;0,, FeS, and FeS to be successively stable, from oxidizing
to strongly reducing conditions. Hydromorphic soils charac-
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terized by moderately reducing conditions were recognized very
early (Vysotskii 1905) as showing a distinct greenish-blue
chroma that upon exposure to the air turned yellowish, and as-
cribed to the fact that some Fe was undoubtedly present as FeO.
This green-blue color was much later suggested by Taylor
(1981) to come from Fe?*-Fe** double layered hydroxides, com-
monly named green rusts (GRs) i.e., Fe?*-Fe** hydroxy-chlo-
rides and -sulfates or -carbonates. The solid phases that control
iron in soil solution have long been searched for, but no equi-
librium between Fe** oxides and solution was observed in mod-
erately reducing conditions and instead evidence for the
equilibrium with a mixed Fe?*-Fe** hydroxide was derived from
laboratory experiments (Arden 1950) or field soil solution stud-
ies (Ponnamperuma et al. 1967; Ponnamperuma 1972; Lind-
say 1979). These phases were designated as “the theoretical
compound hydromagnetite, Fe;(OH)s” and considered as meta-
stable phases with no explicit link being made between this
compound and GRs (Taylor 1981). It was only recently that
such a mineral, for which the name fougerite was proposed,
was characterised by Mossbauer and Raman spectroscopies in
hydromorphic soils (Trolard et al. 1996, 1997). It was assumed
to be one of the various forms of GRs. By analogy with
pyroaurite, it consists of positively charged brucite-like layers
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of [Fe¥_,, Fe’t (OH),]** alternating with negatively charged
interlayers made of anions A™ and water molecules [x/n A™
-(1-x) H,OJ]*. The equilibrium conditions observed between
soil solution and minerals suggested that the interlayer anions
could be OH", leading to the compact dehydrated formula
Fe(OH),,. It was shown that x ranges 1/3 to 2/3 using the
Fe**/Fe,, ratio measured by Mossbauer spectroscopy (Génin et
al. 1998). The value x = 2/3 coincides with Fe;(OH)y. It was
then proved, from analysis of soil solutions and solids from the
same field sites, that Fe(OH),,,,, does govern the iron solubil-
ity in soil solution and groundwater (Troard et al. 1997; Génin
et al. 1998; Bourrié et al. 1999).

Because this mineral is strongly suspected to be associated
with bacterial activity on ferric minerals in anoxic waterlogged
soils (Génin et al. 1998), its potential for reducing pollutants
has been stressed (Génin et al. 2001). This assumption was
strengthened by several studies demonstrating that a synthetic
GR, the sulfated one, was able to reduce in abiotic conditions
some major polluting species such as nitrate into ammonium
(Hansen et al. 1996), selenate into Se(0) (Myneni et al. 1997,
Refait et al. 2000) or chromate into Cr** (Loyaux-Lawniczak
et al. 1999; 2000). A mineral that displays structural features
similar to those of a Fe?*-Fe** double-layered hydroxide and is
obtained by bacterial activity in soils at the depth of the water
table could play a major role in the coupling of biogeochemi-
cal cycles. A better characterization of the occurrence, chemi-
cal composition, structure and reactivity of the mineral is thus
of great interest to define soil and water management prac-
tices.

Unfortunately, because this mineral is scattered in soils, di-
lute (total Fe content in the soil is about 2-3.9%) and very la-
bile, X-ray diffraction (XRD), which is not selective, is
inappropriate for determining its structure. Using X-ray absorp-
tion spectroscopy (XAS), one gets information involving only
the Fe-containing compounds by investigating the Fe K ab-
sorption edge. XAS can yield structural information, because
it probes the local environment of Fe atoms, and X-ray absorp-
tion near edge structure (XANES) can provide the oxidation
states. The similarity between the XAS spectrum of the min-
eral and that of synthetic GRs is one more reason to define it as
a “GR mineral”. However, it demonstrates that Mg>* ions sub-
stitute for some Fe?* ions. The second part is thus devoted to
the preparation and study of Mg?*-Fe*-Fe** double layered
hydroxides, using carbonate as the interlayer anion.

EXPERIMENTAL METHODS

Synthetic sample preparation

Three reference compounds were prepared for the EXAFS
study, GR(CI") the Fe**-Fe** hydroxychloride, GR(CO?) the
Fe?*-Fe’* hydroxycarbonate, and pyroaurite (Mg?*-Fe’*
hydroxycarbonate). The GR(CO3") sample was prepared ac-
cording to the method developed previously by Drissi et al.
(1994, 1995). Ferrous hydroxide was precipitated from 0.18 M
FeSO,-7H,0 and 0.3 M NaOH solutions and a 0.18 M Na,CO;
solution was added as a source of carbonate ions. All reagents
were provided by PROLABO and had a maximum impurity
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content of 2%. The suspension was then aerated at the inter-
face between solution and laboratory atmosphere with a mag-
netic stirring (500 rpm) ensuring a progressive homogeneous
oxidation of the Fe(OH), precipitate into GR(CO?"). A thermo-
stat maintained the temperature at 25 = 0.5 C. The reaction
was monitored by recording the redox potential of the solu-
tion, by use of a Pt electrode and a saturated calomel electrode
as reference. At the end of the formation of the GR, the suspen-
sion was quickly poured into a sealed flask to shelter it from
air. GR(CI") was prepared in a similar way, by precipitation
and oxidation of a Fe(OH), aqueous suspension, following the
procedure of previous studies (e.g., Refait et al. 1998b). The
reagents were FeCl,-4H,0 (0.24 M) and NaOH (0.4 M).

Synthetic pyroaurite samples can also be prepared using this
procedure (Refait et al. 1998d). In this case, a Mg**-Fe** hy-
droxide was precipitated by mixing solutions of Fe** and Mg
sulfates (FeSO,-7H,0 and MgSO,) with caustic soda. The con-
centrations were set at [Mg] + [Fe] = 0.18 M, with Mg/Fe =
2.5, [NaOH] = 0.3 M and [Na,COs] = 0.18 M. The product was
obtained at the end of the overall oxidation process, where no
Fe?* cations remained. Its composition was then about
Mg;Fe,(OH),,CO;-nH,0.

Samples of Mg?*-Fe**-Fe* hydroxycarbonate were prepared
in a totally different way, by precipitation from Mg and Fe salts,
NaOH and Na,CO; solutions, a process much more realistic
for the formation of such minerals in nature than the oxidation
of (Mg,Fe)(OH), hydroxides. Due to the affinity of such hy-
droxy-compounds for carbonate anions, the presence of other
anions, e.g., SOF or CI, provided by the metal salts, does not
lead to the formation of the corresponding compounds (Miyata
1983; Mendiboure and Schollhorn 1986; Refait et al. 1997). In
the first case, a 0.06 M MgSO, + 0.06 M Fe**SO,-7H,0 + 0.06
M Fe**Cl;-6H,0 solution was added to a 0.3 M NaOH + 0.18 M
Na,CO; solution; cations concentrations were chosen so that
the ratios Fe/Mg and [Mg* + Fe*]/Fe* were both equal to 2.
In contrast, a 0.045 M MgSO, + 0.09 M Fe**SO,-7H,0 + 0.045
M Fe**Cl;-6H,0 solution was added to a 0.3 M NaOH + 0.18 M
Na,CO; solution in the second case, implying that Fe/Mg and
[Mg>* + Fe?*]/Fe** are equal to 3. Both samples were aged 24
hours in a sealed flask before analyses.

Mineral sampling

Reductomorphic soils display, in some subsurface horizons,
a green-blue color, characteristic of “gley’” horizons (Vysostski
1905). A profile described by Trolard et al. (1997) and Bourrié
et al. (1999) was selected in the forest of Fougeres (Brittany).
A sample was extracted in the field, at a depth of 90 cm. At that
locality, the soil profile displays two major units: a histic hori-
zon down to 15 cm and a granitic saprolite down to 120 cm
followed by an oxidized horizon with accumulation of Fe**
oxides. The waterlogged soil is located near a spring. A large
field sample (approx. 1.25 dm?®) including the soil solution was
extracted and placed in a sealed container. The 10 mg samples
to be analyzed by XAS or transmission Mossbauer spectros-
copy (TMS) were taken out of the core of the oversized field
sample and prepared in the laboratory under a nitrogen atmo-
sphere to avoid oxidation.
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Analysis

Synthetic [Mg?*-Fe?*]-Fe3* GR samples were analyzed by
powder X-ray diffraction (PXRD) and transmission Méssbauer
spectroscopy (TMS) at 77 = 1 K. Because the GR mineral is
diffuse, scattered and mixed with other compounds, PXRD
could not be used for its characterization and thus only TMS
results will be presented. PXRD patterns were obtained with a
classical powder diffractometer (Philips) using the CoKol
wavelength (A = 0.17889 nm). Mdssbauer spectra were accu-
mulated at 77 K with a constant-acceleration spectrometer and
a 512 multichannel analyzer, manufactured by Halder
Elektronic GMBH, and a 50 mCi source of *’Co in Rh main-
tained at room temperature. The velocity was calibrated with a
25 m foil of a-Fe at room temperature and the isomer shifts
will thus be given with respect to this reference. Precautions
were taken to avoid spurious oxidation before and during analy-
sis. Thus, in any case, the samples were first filtered on a paper
under an inert atmosphere, in a nitrogen-purged Jacomex con-
trolled atmosphere glove box. For XRD measurements, they
were deposited on a glass platelet and coated with glycerol to
limit the oxidizing action of air (Hansen 1989). For TMS mea-
surements, they were set in the sample holder and introduced
in the cryostat (Cryo Industries of America) and then sheltered
from the action of O,. The amount of materials being optimized
(10 mg of Fe per cm?), the spectra can be reasonably approxi-
mated by a sum of lines with Lorentzian shape (thin-absorber
approximation). This proved to be appropriate in the case of
GRs because the peaks have a perfectly Lorentzian shape with
small widths of about 0.3 mm/s (see Refait et al. 1998b, 1999
for example). A set of free parameters are then altered in such
a way that a goodness-of-fit criterion, the minimal chi-square
(%), is optimized. The free parameters are those which are only
mutually bounded via the %> minimization procedure. For qua-
drupole doublets, these parameters are the isomer shift J, the
quadrupole splitting AE,, the half widths at half maximum I'
and the heights of the peaks RA, constrained to be equal for
both lines of the doublet. The error on the determination of these
parameters was estimated by analyzing three samples of the prod-
uct and lead in most cases to an interval of £0.02 mm/s.

The synthetic pyroaurite sample to be used as reference for
the XAS study was previously checked by PXRD and TMS
(15 £ 1 K) analyses. The PXRD pattern (Fig. 1) is typical of
the R3m structure of pyroaurite and the lattice parameters a =
0.3090 = 0.0005 nm and ¢ = 2.313 £ 0.005 nm determined
from the measured d,,, data are in agreement with those gener-
ally accepted, that is a = 0.3109 and ¢ = 2.341 nm (Allmann
1968). The TMS spectrum at 15 K is comprised of two quadru-
pole doublets D, and D;. The main doublet D, representing 86
(£2)% of the total area, has hyperfine parameters typical of
Fe** in octahedral sites, with 6 = 0.49 + 0.02 mm/s and AE, =
0.62 +0.02 mm/s. The second doublet D, computer-fitted with
8 =0.43 £ 0.02 mm/s and AE, = 0.20 £ 0.04 mm/s rather re-
sembles to a single peak and may correspond to an asymmetry
of D,. This effect is due to preferred orientation of the crystals,
a phenomenon commonly observed for such compounds (Koch
1998). Anyhow, those spectral components correspond to what
is usually found for Fe* in such hydroxy-compounds (Refait
etal. 1998a, 1998d). No other contributions are seen, implying
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FIGURE 1. Powder XRD pattern (a) and Mossbauer spectrum
measured at 15 K (b) of synthetic pyroaurite. XRD = Miller indices
are expressed in the hexagonal representation of the R3m lattice; note
that diffraction angle is 6. Mossbauer spectrum: dotted line =
experimental curve; dashed line = global computed curve; solid line =
components of the spectra.

that all of the Fe atoms in the sample are associated with the
hydroxycarbonate.

XAS data were collected at the Fe K edge (7112 eV) at the
D44 station of the DCI high energy ring (1.8 GeV, A, = 3.5
keV) of LURE (Orsay, France). Transmission mode measure-
ments were carried out at about 77 K using a liquid nitrogen
cryostat. Energy selection was made using a Si(311) double
crystal monochromator which was detuned to reduce unwanted
harmonics. Absorption was detected using He/Ne/air filled ion
chambers. Samples were diluted with cellulose and pressed into
pellets of 5 X 13 mm? in size. Preparation of the GRs samples
and mineral was performed in a glove box under an inert gas
(Ar) atmosphere to prevent oxidation.

At least four acquisitions were recorded for each sample
and averaged before extraction of the extended X-ray absorp-
tion fine structure (EXAFS) signal. The WinXAS 97 program
by Ressler (1997) was used for the data analysis. The pre-edge
was removed by linear simulation and the atomic contribution
after the edge was extracted by a 5" degree polynomial. The E|
value was chosen at the first inflection point in the Fe absorp-
tion edge; k* weighted Fourier transforms of the EXAFS spec-
tra were calculated between ki, ~ 2.5 and kg, ~ 13.5/A using
a Kaiser window with a T parameter equal to 3.

The X-ray absorption near edge structure (XANES) parts
were acquired from —150 to +190 eV with respect to the Fe K
edge (7112 eV). The spectrum of EuPd was collected simulta-
neously with each data set for energy calibration, with the first
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inflection of the Eu L; absorption edge taken to be 6977 eV.
The incident X-ray energy was incremented by 0.5 eV intervals
over the critical ranges of 6970 to 7000 eV (Eu L; edge) and 7100
to 7300 eV (Fe K edge) and by larger intervals of 3.0 eV else-
where to reduce data collection times. The counting time was
1 second per point. Background subtraction and normalization
were carried out using the winXAS 97 program (Ressler 1997).

RESULTS

XAS study of the mineral

The XANES part of the mineral spectrum (Fig. 2) contains
information about the oxidation state and the local symmetry
of the absorber (Stohr 1986; Bianconi 1980; Citrin 1986;
Tadjeddine 1994). More precisely, the energy position of the
absorption edge is dependent on the effective charge density
of the absorber and reflects the tendency of an electron-defi-
cient atom to bind more tightly the remaining electrons. Thus,
the Fe** edge of goethite is shifted by 5 eV to higher energy in
comparison to the Fe** edge of FeCl,. The curves of GR(CO3")
and of the GR mineral are similar, for the most part coalesced,
and differences can only be seen at the top of the peak edge.
The edge position is in both cases intermediate between that of
FeCl, and that of FeOOH, and clearly demonstrates the pres-
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FIGURE 2. (a) Fe-K edge XANES spectra of synthetic GR(CO?3)
and GR mineral “fougerite” compared to those of reference compounds,

FeCl, and goethite. Part b is the same as part a but with expanded
scale and focused on the pre-edge peak region.
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ence of both Fe** and Fe** valence states. A look at the pre-
edge peak region (Fig. 2b) confirms it. The FeCl, and FeOOH
curves present one net peak, that of goethite shifted by 3—4 eV
from that of FeCl,, whereas the curves of the GRs present con-
tributions from both Fe** and Fe*.

The PRDF of the mineral and those of synthetic GRs (Fig.
3) display the same set of peaks (P,—P;) and are found in agree-
ment with previous studies on similar compounds (Roussel et
al. 2000). Because of phase shifts, the observed distances dif-
fer from the real inter-atomic distances of about 0.04-0.045
nm. The first peak, P,, is related to the octahedron of OH" ions
which surrounds the iron atom; the corresponding bond dis-
tance is about 0.2 nm. The next peak, P,, is found at the Fe-Fe
distance which corresponds to the parameter a of the R3m lat-
tice, at about 0.31-0.32 nm. Roussel et al. (2000) demonstrated
that the other smaller peaks, P;-Pg, correspond to the hexago-
nal array of cations that is to the second, third, etc... Fe neigh-
bors, because they are found in the sequence: aV3,2a, a\7, 3a,
as illustrated in Figure 4. The intensities of the peaks P, and P,
are increased by the so-called focusing effect (Teo 1986; Lee
and Pendry 1975) and superfocusing effect (Kuzmin and Par-
ent 1994). These effects correspond to multiple scattering phe-
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FIGURE 3. Fe-K pseudo-radial distribution functions (PRDF) for
synthetic GRs [GR(CO3") and GR(CI")], GR mineral “fougerite” and
synthetic pyroaurite. PRDF are not corrected for phase shift functions.
The real interatomic distances can be found approximately by adding
about 0.04 nm to the distances given here.
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FIGURE 4. Portion of a hydroxide sheet showing the Fe-Fe distances
in GRs.

nomena between 3 and 4 cations in collinear arrangement, re-
spectively, and reflect the organisation of the cations.

None of the PRDF peaks can be attributed to back-scatter-
ing on atoms present in the interlayers. These species, anions
or water molecules, are already far from the Fe ions, screened
by the OH~ ions of the octahedra. This is demonstrated by the
fact that GR(CO?%") and GR(CI) display the same PRDF. The
slight differences observed in Figure 3 may arise from differ-
ent a lattice parameters, because a = 0.316 nm for GR(CO?)
(Drissi et al. 1995) whereas a = 0.319 nm for GR(CI") (Refait
et al. 1998b), but they remain within the experimental error. In
contrast, the ¢ parameters are significantly different, 2.25 nm
in GR(CO?%) and 2.4 nm in GR(CI"), due to the size of the
interlayer anions, but this proves to have no influence on
EXAFS spectra.

However, there exists a significant difference between the
mineral and synthetic GRs. The Fe-Fe peak P, at distance a is
much more intense in synthetic GRs than in the mineral sample.
In order to understand the reason, the PRDFs of these three
compounds must be compared to that of synthetic pyroaurite.
It appears that the peaks corresponding to Fe-(Fe,Mg) distances,
P,-Pg, are drastically less intense than in synthetic GRs. Ac-
cording to Vucelic et al. (1997), there exists a local order so
that Fe** cations never neighbor each other. In pyroaurite, the
second shell can thus be considered as being composed of 6
Mg atoms. The PRDF of the mineral seems to be intermediate
between that of GRs and that of pyroaurite, the small peaks P;-
Ps being less attenuated than those of pyroaurite. This could
have two origins: (1) Less iron is present, and one given Fe
atom is surrounded by less than 6 Fe atoms or (2) Mg** cations
are substituting for Fe?* cations.

These assumptions were checked by examining the contri-
bution to EXAFS of peak P,. This contribution is obtained by
back-Fourier transformation of the PRDF curve with a R win-
dow ranging from 0.259 to 0.364 nm. In the case of synthetic
GRs, the back scattering atoms are Fe and in the case of syn-

thetic pyroaurite they are Mg. The signal obtained from P, for
the mineral can thus be fitted as a combination of the signal
obtained from P, in GR(CO3") (Fe-Fe signal) and that obtained
from P, in synthetic pyroaurite (Fe-Mg signal).

We fit the Fe-(Fe,Mg) contributions to EXAFS for the GR
mineral in three different ways (Fig. 5). In each case the fit was
performed with experimental phase shifts and amplitude func-
tions derived from GR(CO%") (6 Fe at 0.316 nm) and synthetic
pyroaurite (6 Mg at 0.311 nm) and the number of first neigh-
bors was fixed at 6. This approach is realistic because it was
demonstrated that multiple scattering was weak under about
0.4 nm (Roussel et al. 2000).

The first fit (Fig. 5a) was attempted with only a Fe-Fe sig-
nal. It proved impossible to fit correctly the signal of the min-
eral with a number of neighboring cations fixed at 6. To test
the first assumption quoted above, i.e., less Fe is present, this
number was left free. It decreased down to 1.5, for a reliability
factor

)y

yexp(i) - ytheo(i)‘

_ =l
N
i=1

equal to 16%. But such a number of neighboring cations is too

Ve ()

FIGURE 5. Fourier filtered Fe-(Fe,Mg) contributions to EXAFS
for GR mineral “fougerite” fitted with (a) only Fe-Fe contribution, (b)
only Fe-Mg contribution and, (¢) Fe and Mg contributions. Dotted lines
= experimental curve; solid line = fit.
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small to be realistic and would suggest a totally different crys-
tal structure for the mineral, which could not explain why the
XAS and Mossbauer spectra of the mineral are similar to those
of synthetic GRs. Thus this first assumption must be discarded.
The second attempt (Fig. 5b) to fit the P, contribution to EXAFS
only involved a Fe-Mg signal, and resulted in a similarly poor
fit.

Finally, it proved rather satisfactory, even though the reli-
ability factor remains at 19%, to fit the curve of the mineral
with both Fe-Fe and Fe-Mg signals (Fig 5c). The correspond-
ing parameters are in Table 1. This model resulted in similar
Fe-Fe and Fe-Mg distances, giving an average a value of 0.3125
nm, intermediate between those found for GRs and that of
pyroaurite. Parameter AG measured the disorder with respect
to the reference compounds. Because the spectra were collected
at 77 K it can be assumed that the thermal vibrations of atoms
are small, similar in the GR mineral and in the reference com-
pounds. Then Ac measures essentially a variation of the static
disorder that is of the distribution of the interatomic distances.

The average cation proportion obtained for the mineral is 1
Fe per 2 Mg. The error made on the number of backscatterers
can be estimated at about 20-30%, thus the ratio Mg/Fe may
be between 3 and 1. Moreover, it cannot be excluded that a
partial ordering among Fe and Mg cations occurs. Therefore,
the local proportion would differ from the overall one. Figure
6 shows an example. The hexagonal array of cations presented
corresponds to an average Mg/Fe ratio of 1, but the ordering of
Mg and Fe leads to a local value, that is the value viewed from
a given Fe atom, of Mg/Fe = 2. For these various reasons it is
not possible to quantify the proportion of Mg in the mineral.

TABLE 1. Structural parameters for Fe-(Fe,Mg) contributions in the
GR mineral derived from EXAFS

Cation N R (nm) Ac (nm)
Fe 2 (£ 0.5) 0.312 (+ 0.0005) 0.004 (+0.003)
Mg 4 (1) 0.313 (£ 0.0005) 0.003 (+0.002)

Note: The R window was taken from 0.259 to 0.364 nm. AE,, is the cor-
rection term to the absorption edge threshold, was determined to be 9
(+1) eV. Nis the number of cations in the first shell, R is the Fe to cation
distance and Ag is the difference of the Debye-Waller factor between the
corresponding model compound, GR(CO%") for Fe-Fe and pyroaurite for
Fe-Mg, and the sample.

L BON _

FIGURE 6. Hexagonal array of cations showing ordering of Fe and
Mg for an overall ratio Mg/Fe = 1. Fe atoms are in white, Mg atoms in

grey.
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All that we can say is that Mg is a rather important component.

Synthetic Mg?*-Fe?**-Fe** hydroxycarbonates

Powder-XRD patterns of the two synthetic samples are simi-
lar to that presented in Figure 7. All the powder lines of a green
rust compound with pyroaurite-like structure (Allmann 1968)
are visible. No other lines are seen and the coprecipitation
method of preparation gives rise to a single phase. Thus, in
agreement with the quantities of reactants, the formulae of the
samples would be [Fei*Mg3*Fe3*(OH),s]**-[CO5-nH,0]> and
[Fe3*Mg3*Fe3*(OH),,]**-[CO;-nH,0]>. The lattice parameters of
the samples, determined from the measured d, data, are a =
0.3152 and 0.3126 + 0.0005 nm and ¢ = 2.3243 and 2.272 £
0.004 nm, respectively. These values must be compared to those
of GR(CO%") and pyroaurite, i.e.,a=0.316 and 0.311 nm and ¢
= 2.245 and 2.341 nm, respectively (Allmann 1968; Drissi et
al. 1995). Note also that the value a = 0.3126 nm measured for
[Fe3*Mg3*Fei*(OH),,]**[CO;-nH,0]* is that found by EXAFS
for the mineral (Table 1).

Mossbauer spectra are presented in Figure 8 and compared
to that of the mineral. Hyperfine parameters obtained from
computer fitting with Lorentzian-shape lines are given in Table
2. The measured Fe**/Fe,, ratios are close to those expected
from the initial quantities of reactants, that is 41 vs. 33% ex-
pected and 56 vs. 50 % expected. The spectra had to be fitted
with four quadrupole doublets. D, and D, correspond to Fe**
ions whereas D;and D, correspond to Fe** ions. According to
the crystal structure of GRs (Refait et al. 1998b), there would
be one crystal site for Fe>* and another one for Fe3*. The
Mossbauer spectrum of the compound [Fe3*Mg3*Fes*
(OH),,]**-[CO5-nH,0]* was then fitted with only two doublets,
namely D, for Fe?* and D; for Fe** (Fig. 8a). This fit proved
unsatisfactory, as indicated by the error curve (exp-theo), and
regions of the spectra where contributions were lacking, indi-
cated by arrows on the figure, appeared clearly. Moreover, the
full widths at half maximum proved to be abnormally large,
e.g., 0.56 mm/s for the peaks of D;. Then doublet D, had to be
added in order to obtain a satisfactory fit of the central zone,
that is between 0 and 1 mm/s, and doublet D, proved necessary
to take into account the asymmetry of the external peak at 2.5

Intensity

I | |
33 30 25 20 15 10 5
0(°)
FIGURE 7. Powder XRD pattern of the synthetic green rusts where
Fe?* ions are partially substituted by Mg?* ions. No other phase than a

GR is observed. Miller indices are expressed in the hexagonal
representation of the R3m lattice.
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FIGURE 8. Mdssbauer spectra measured at 77 K of two synthetic GRs obtained by coprecipitation of [Mg?**-Fe*][OH], suspensions in the
presence of carbonate ions, compared with that of the mineral. (a) and (a'): Spectrum of Fe3*Mg3*Fe3*(OH),, CO5-nH,0 fitted with two doublets
(a) or four doublets (a'). (b) Spectrum of Fe;*Mg3*Fe3*(OH),, CO;-nH,0 fitted with four doublets. (¢) Spectrum of the GR mineral fitted with
four doublets. Parallel lines = experimental curve; solid line = global computed curve. Dashed line = components of the spectra.

TaBLE 2. Hyperfine parameters at 77 K of two synthetic samples of Mg?-Fe?*-Fe* GR obtained by coprecipitation of Mg?*, Fe?*, and
Fe®* salt solutions in the presence of carbonate ions; the third sample is the GR mineral extracted in Fougéres (Brittany,

France)
[Fe?s Mg?s Fe3 (OH),, COs] [Fe?; Mg?s Fe®s (OH);s COs] Mineral
) AEq r RA ) AEq r RA ) AEq r RA
D, 1.27 2.83 0.26 31 1.27 2.85 0.25 39 1.27 2.86 0.32 59
D, 1.25 2.58 0.26 13 1.27 2.54 0.25 20 1.25 2.48 0.32 07
Ds 0.47 0.44 0.26 42 0.47 0.39 0.25 33 0.46 0.48 0.32 20
D, 0.49 0.8 0.26 14 0.5 0.7 0.25 08 0.46 0.97 0.32 14

Note: § (mm/s) = isomer shift with respect to that of a a-Fe foil, AE; (mm/s) = quadrupole splitting, T' (mm/s) = full width at half maximum, RA (%) =
relative area of components. The error on the determination of the M&ssbauer spectral parameters was estimated at £0.02 mm/s by analyzing three

samples of each product.

mm/s.

Synthetic Fe?*-Fe** green rusts (e.g., carbonate, chloride,
oxalate, see Drissi et al. 1995; Refait and Génin 1997; Refait et
al. 1998c) give rise to two Fe** quadrupole doublets. The abun-
dance of the additional doublet D, depends on the nature of the
intercalated anions and, for example, is larger in GR(C,07)
than in GR(CO%). The limit is GR(SO?") where D, is not ob-
served (Cuttler et al. 1990; Refait et al. 1999). For this reason,
D, was interpreted to be due to the influence of the anions of
the interlayers upon the Fe?* atoms of the hydroxide sheets.
The presence of doublet D, in the spectrum of the GR mineral

then excludes the possibility that SO% is the intercalated an-
ion.

The existence of a second Fe** doublet D, is unusual. Such
a doublet does not appear on the spectra of Fe?*-Fe®*
hydroxysalts. For this reason, it can be attributed to the pres-
ence of Mg?* ions as next nearest neighbors. Consistently, the
intensity of D, increases with the Mg content, 8 vs. 14% for
Fei*Mg3'Fe’*, (OH),s CO; vs. Fe3*Mg}'Fe3* (OH),, COs. As is
seen in Figure 8c, doublet D, proved also necessary to fit the
spectrum of the mineral. Its abundance, computed at 14%, is
similar to those found for the synthetic hydroxycarbonates, and
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more precisely matches that of Fe3*Mg3*Fe3*(OH),,CO;.

The line widths observed on the three spectra are relatively
small, and similar to what is usually observed for GRs without
Mg?* cations at the same temperature (Drissi et al. 1995; Refait
et al. 1997; Koch 1998). These features are rather typical of
well-defined cation positions and ordered arrangements (Koch
1998), confirming that each trivalent cation is more likely sur-
rounded in each case by six divalent cations (Vucelic et al.
1997).

DiISCUSSION

The GR mineral “fougerite” is difficult to analyze because
it is (1) diluted in the soil, with a Fe content of 2-3.9% Fe,0;
according to Trolard et al. (1996) and (2) very reactive with
respect to oxygen. Therefore, chemical analyses of the whole
soil could be performed, but not those of the mineral alone.
Similarly, XRD analyses of the soil failed to provide informa-
tion. That is the reason why it was necessary to use techniques
that are only sensitive to the GR mineral, namely *'Fe
Maossbauer spectroscopy and X-ray absorption spectroscopy
at the Fe K edge.

The results obtained from both XAS and TMS spectros-
copy suggest that Mg?* substitutes for Fe**. The presence of
Mg in the mineral is not surprising. First, the effective ionic
radii of Mg?* and Fe** ions in six-coordination are similar: 0.072
nm for Mg?*, and 0.078 nm for high spin Fe** according to
Shannon (1976), and many minerals, such as olivines, py-
roxenes, amphiboles, and micas possess such a complete solid
solution. Second, Mg is largely present in soils derived from
weathering of granite, and especially of granodiorite as is the
case in Fougeres. The average MgO content in the unweath-
ered rock is about 2% in the Fougeres granodiorite with cordi-
erite (BRGM 1981). The gley soil studied here is directly
derived from a granodioritic area, with weatherable minerals,
such as biotite present at shallow depth. In the spring water
nearby the site studied here, Mg concentrations are ~10~* M,
much larger than Ca concentration (~6-10° M), whereas Al
concentration is very low (~4-10°M). These two factors largely
favor substitution of Fe?* by Mg** with respect to any other
cation, though minor substitutions cannot be definitively ruled
out.

The chemical formula of the GR mineral can then be more
completely written as [Fefl ,Mg*Fe®t (OH),.,,]™[x/n A™(1-
x+y) H,O]™, where A™ is the intercalated anion, and where
one water molecule is supposedly intercalated over each Mg-
occupied site as for Fe*2. The quantities of Mg?* which are in-
corporated cannot be determined precisely.

The presence of Mg moreover would explain the variabil-
ity of the Fe*/Fe’ ratio that was observed in the GR mineral
(Génin et al. 1998). According to various studies, most of the
synthetic GR compounds exhibit a well defined composition
with a specific Fe**/Fe** ratio. This is the case for GR(CO?)
and GR(SO?") with a ratio of 2 (Hansen 1989; Drissi et al. 1995;
Cuttler et al. 1990; Refait et al. 1999) and GR(C,0%) with a
ratio of 3 (Refait et al. 1998c¢). The exception is GR(CI") which
is characterised by a variable ratio (Refait et al. 1998b). These
variations, however are still approximately in the range between
2 and 3. Similar trends are observed for most of the pyroaurite-
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like compounds independently of the nature of the divalent and
trivalent cations. This is generally interpreted in terms of cat-
ion ordering (Gastuche et al. 1967; Taylor 1969, 1973; Allmann
1970; Brindley and Kikkawa 1979): if trivalent cations M3*
never occupy neighboring sites, then the maximum M?*" con-
tent would correspond to a limit over which this ordering would
not be possible, and this limit is M**/M?*" = 2. In contrast, the
composition of the GR mineral proved to have important vari-
ability, with a Fe**/Fe* ratio able to vary from 2 to 1/2. The
presence of another divalent cation along with Fe?" in the
brucite-like sheets would explain how the Fe**/Fe’* ratio, which
is now dissociated from the divalent/trivalent ratio, can be
smaller than 2. The constraint on M?>*/M?3* can be then expressed
as: (1-x+y)/x 2 2, or equivalently y =2 3x — 1.

Assuming for example a M*/M?* ratio equal to 3 as in
pyroaurite MgsFe,(OH),CO;-4H,0, the chemical compositions
of the mineral could be, according to the Fe?*/Fe* ratios ob-
served in the field (Génin et al. 1998):

If Fe?*/Fe* = 2, [Fe**,MgFe**(OH),]* [1/n A™m H,0] and

Mg/Fe = 1/3;
If Fe**/Fe** = 1, [Fe*Mg,Fe**(OH)s]* [1/n A™-m H,0]  and
Mg/Fe = 1;

If Fe**/Fe* = 1/2, [Fe*MgsFe**,(OH) x]** [2/n A™-m H,0]*
and Mg/Fe = 5/3.

Larger Mg substitutions are of course possible depending
on the abundance of Mg in the soil environment. The variabil-
ity of the Fe?*/Fe’* ratio for the GR mineral can thus have two
origins: variations of the Mg content on the one hand, varia-
tions on the overall divalent/trivalent ratio on the other hand.
As demonstrated by the powder-XRD and TMS analyses of
the synthetic Mg?**-Fe**-Fe** hydroxycarbonates, this M**/M?3*
ratio can indeed vary, more likely in the range of 2 to 3 as in
other similar minerals. A geochemical implication is that as
oxidation proceeds, more Mg is incorporated in the structure.

There remain two major unknown factors: (1) the nature of
the interlayer anions, which cannot be directly derived from
EXAFS or Mossbauer data and, (2) the stability and the reac-
tivity of the solid solution intermediate compounds between
GRs and Mg?*-Fe** pyroaurite-like hydroxysalts.
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