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Abstract-—Mossbauer and Raman spectroscopies are used to identify for the first time a green rust as
a mineral in a reductomorphic soil from samples extracted in the forest of Fougéres (Brittany-France).
The Mossbauer spectrum displays two characteristic ferrous and ferric quadrupole doublets, the abun-
dance ratio Fe(II)/Fe(Ill) of which is close to 1. Comparison with synthetic mixed valence Fe(II)-
Fe(III) hydroxides supports the conclusion that the most probable formula is Fe,(OH)s, i.e., according
to the pyroaurite-like crystal structure [Fe'"™Fe™ (OH),]"-[OH] . The microprobe Raman spectrum
exhibits two bands at 518 and 427 cm™' as for synthetic green rusts. When exposed to the air, the new
mineral goes rapidly from bluish-green to ochrous. The formula is compatible with the values of ionic
activity products Q for equilibria between aqueous iron species and minerals obtained from soil waters,
which suggests that this new mineral is likely to control the mobility of Fe in the environment.  Copyright

© 1997 Elsevier Science Ltd

Green-blue colours showing in the deepest horizons of
reductomorphic soils are frequently assumed to come from
Fe(II)-Fe(1Il) hydroxides similar to synthetic green rusts
compounds first prepared by Girard and Chaudron (1935),
Feitknecht and Keller (1950), and since then by many others
(cf. Schwertmann and Taylor, 1989). They are distinguished
by their X-ray diffraction (XRD) pattern, green rust one
(GR1), and green rust two (GR2) (Bernal et al., 1959), and
Taylor (1973 ) proposed that they are part of the pyroaurite-
sjogrenite group and consist of brucite-like layers carrying
a positive charge alternating with layers constituted of anions
and water molecules (Taylor, 1973; Génin et al., 1986;
Olowe and Génin, 1991; Refait and Génin, 1993, 1994; Re-
fait et al., 1994; Drissi et al., 1995, Génin et al., 1996).
However, the anion determination is difficult. For this reason
and because of the small presumed amount of green rusts in
soils, XRD is not relevant for identification. In contrast,
Madssbauer spectroscopy, sensitive only to iron atomic envi-
ronments, is suited. Hansen et al. (1994) synthesized the
sulphate green rust GR2(SO37) by repeating the protocol
by Arden (1950), proposed an evaluation of the solubility
product of this compound, and followed the reaction of
NaNO, with GR2(SO:"). They conclude that *‘if present
in soils and sediments, green rusts may participate in abiotic
reduction of nitrite’’ (Hansen et al., 1994) and could play a
key role in the abiotic reduction of nitrate to ammonium
(Hansen et al., 1996). However, as underlined by Hansen et
al. (1994), *‘positive identification of the naturally occurring
green compounds still awaits,”” and indeed reports of the
natural occurrence of green rusts remain scarce, either related
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to the rusting of man-made iron materials in anoxic condition
(Stampfl, 1969; Bigham and Tuovinen, 1985; Olowe et al.,
1990; Génin et al., 1993) or to precipitation in sludge
(Bender Koch and Mgrup, 1991 ). In depicting the speciation
of Fe in soils from the geochemical study of soil solutions
in situ (Ponnamperuma et al., 1967; Maitre, 1991; Bourrié
and Maitre, 1994), a hypothetical Fe(II)-Fe(III) mineral
written as Fe,(OH); was suggested.

The purpose of this paper is to bring evidence for the
existence of green rust as a natural mineral in soils for the
first time. Mssbauer and Raman spectroscopies are used to
identify this mineral and to compare it with different types
of synthesized green rusts.

Reductomorphic soils often display a green-blue colour
that changes rapidly to ochre on exposure to the air (Nguyen
Kha and Duchaufour, 1969; Avery, 1973; Duchaufour et al.,
1976). The green-blue colour of soils is frequently ascribed
to the presence of green rusts (Taylor, 1981). A profile
consisting of a granitic saprolite underlying genetic horizons
of a soil testifying waterlogging is selected in the forest of
Fougeres (Ile and Vilaine). The horizon sampled is the
reductic Gr horizon, according to the Référentiel Pédolog-
ique (Baize and Girard, 1995) at 25 cm depth. Once exposed
to the air, the colour changes rapidly from a homogeneous
bluish-grey colour (SBG6/1 of Munsell’s chart) to greenish-
grey (5GY6/1) after about 10 min, then to pale olive (5Y6/
4) after one hour, and finally turns grey with light olive
scattered spots (2.5Y5/6) after one day exposure. A large
fresh soil sample is kept in anoxic conditions in a container
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Table 1.
Majors (percent)
Si0, ALO; Fe;0, MnO MgO Ca0  Loss
of ignition
70.7 13.8 3.89 0.02 1.19 0.21 82
Traces (ppm)
V Ni C Ba Ga Ca Zn T Pb U Nb Zr
142 29 112 605 17 19 65 10 21 33 159 >347
Y Sr Rb Co
37 69 128 17

with the aqueous solution collected in the sampling pit. Any
unwitting oxidation is avoided (no change of colour is ob-
served) and the Mossbauer experiment is done at 78 K on
materials, about 100 mg, taken out of the core of the over-
sized sample. Bulk analysis (Table 1) shows that the total
Fe amount is about 4% (Fe,0;). The hyperfine parameters
of a Mossbauer spectrum (Fig. 1) are gathered in Table 2.
Comoputer fitting is done using Lorentzian-shape line peaks
with adjustable widths and Mdssbauer f factor is the same
for all Fe sites. Peak intensities are freely fitted. All green
rusts spectra present two types of quadrupole doublets (cf.
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Fig. 1; Génin et al., 1986, 1996; Drissi et al., 1995). One
type, with an isomer-shift (IS) and quadrupole splitting
(QS) of about 0.45 mm s~ and 0.50 mm s, respectively,
corresponds to Fe’* ions, whereas the other type with IS and
QS of about 1.25 mm s~ and 2.85 mm s ' corresponds to
Fe?* ions. Since the spectrum of the natural sample has a
much smaller absorption percent, about 2%, compared to
that of synthetic samples, up to 15%, it is difficult to put
more quadrupole doublets; minor other components cannot
be excluded, due to spurious Fe environments such as iron
silicates etc.
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Fig. 1. Mossbauer spectra measured at 78 K of synthetic green rusts and of the studied mineral sample. (a)
GRI(C17). (b) GR2(80;7). (¢) GRI(CO; 7). (d) Natural sample.
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Table 2.
IS Qs w RA(%)  Ref
mm s’ mms?! mms’!
GRI(CH) 1
D, 1.26 2.88 0.34 46
D, 1.25 2.60 0.34 26
Dy 0.47 041 0.34 28
GR2(8047) 2
D, 127 2.86 029 66
D; 0.48 0.45 0.29 34
GRI(CO) 3
Dy 1.27 2.92 0.28 49
D, 1.28 2.69 0.28 17
D3 0.47 0.43 0.28 34
Mineral This study
D, 1.25 2.87 0.40 50.7
D, 045 0.54 0.51 493

ref. (1) Génin et al. (1986); (2) Génin er al.(1996) ; (3) Drissi et al. (1995)

In order to confirm the identification of the green rust by
Mossbauer spectroscopy, a Raman characterization is per-
formed. A special cell used for Raman experiments allows us
to keep the sample in a nitrogen or argon atmosphere in the
absence of oxygen. The sample is set under an Ar flow in a
glove box and the cell is tightly closed by a glass window
through which a laser beam is focused and the Raman backscat-
tering collected. The cell is mounted in the focal plane of an
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Fig. 2. Microprobe Raman spectra of synthetic green rusts and of
the studied mineral sample. (a) Natural sample. (b) GR1(CO3; 7).
(¢) GR1(CI7). The mineral sample is made of small particles of
about 5 um. The laser beam at 514.53 nm wavelength is focused
on an area of about 2 ym of diameter with a power lower than
I mW.

Olympus B.H. microscope in a Jobin-Yvon/Instrument S.A.
T 64000 Raman microprobe equipped with Charged Coupled
Device detector and a motorized X-Y stage. A large working
distance objective length of 50 X magnification is used; thus
a true magnification at the viewing screen of about 1500 X
and a viewing image of about 2 ym are achieved. A 514.53
nm exciting radiation is used with a power lower than 1 mW
to prevent sample degradation. The spectra resolution is of
about 6 cm™ and the precision on the wavenumber is 1 cm™.
Three spectra obtained by the Raman microprobe are displayed
in Fig. 2. The spectrum of the mineral green rust (Fig. 2.a)
shows the same characteristic bands at 518 and 427 cm™' (cf.
Boucherit et al., 1992) as the synthetic green rusts (Fig. 2b,c).

Therefore, the identification of a green rust mineral is
established in a natural environment by two methods and
the Fe(Il)/Fe(IIl) abundance ratio is equal to one (50.7/
49.3), favouring a definite stoichiometry.

Under laboratory conditions, the oxidation of Fe(OH), pre-
cipitates in the presence of chloride, sulphate, and carbonate
ions leads to the obtention of pure green rusts, GR1(Cl™)
(Génin et al, 1986; Refait and Génin, 1993, 1994),
GR2(SO; ) (Olowe et al., 1991; Génin et al., 1996), and
GRI1(CO; ™) (Drissi et al., 1995) for acidic media and
GR1(OH ") (Refait et al., 1994) for basic media. E,-pH dia-
grams were established (Refait and Génin, 1993; Drissi et al.,
1995; Génin et al., 1996) with standard chemical potentials
and Méssbauer spectra (Génin et al., 1986, 1996; Drissi et
al., 1995). Various chemical formulae at stoichiometry are:

GR1(Cl7) (Refait and Génin, 1993)
[Fe™Fe'™(OH)] " - [Cl1-2H,0]
GR2(S0;7) (Génin et al., 1996)
[Fei Fey™ (OH),,] ™" - [SO4+ 2H,0] ™~
GR1(CO; ™) (Drissi et al., 1995)
[Fell"Fed™ (OH);, ] ** + [CO;- 2H,0]
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Table 3.
Temperature. (°C) 92 89 87 92 89 89 89
pH 515 515 535 550 570 570 555
pe 975 980 979 967 10.16 1034 10.59
Fe(II) (106 M) 207 111 092 0102 0.104 0.087 0.088
log [Fe**} 577 614 612 707 -706 713 715
Tog [SO4-] 387 388 -399 405 423 417 414
log [CO3™] -10.13 -838 9.63 -9.16 -876 -869 -9.50

log Q[GRI(CO;-)] 36.56 36.18 3747 33.76 37.58 37.60 3538

log Q[GR2(S0 7)) 42.81 40.69 43.11 38.87 42.11 42.11 40.75

log Q[Fe;(OH) 5| 23.96 2327 24.32 23.03 2453 24.58 24.04

and the general formula of green rusts is [Fe{",Fe(™
(OH)1" [x/n A™"-m/n H,O1™" in a normalized form,
where A" are the inserted anions. Thus, in this study, we
are looking for [FefYFe{®’(OH),]™*:[0.5/n A" m/n
H,0] . No quoted synthetic green rust fulfills the require-
ment, and we suggest a Fe(Il)-Fe(Ill) GR1(OH ™) which
forms in the presence of an excess of OH™ ions (Refait
et al., 1994), the formula of which is not yet definitively
established. Ponnamperuma et al. (1967) proposed
Fe;(OH);. However, since experimentally [Fe™ " ]/[Fe™""]
is equal to 1, Fe,(OH)s is preferred, a formula already for-
warded by Arden (1950). Written along the pyroaurite-like
structure, it becomes [Fe!™ Fe'™'(OH),]* - [OH] ", the way
other green rusts are formulated (Refait and Génin, 1993;
Drissi et al., 1995; Génin et al., 1996). The analysis of
aqueous solutions of the surrounding environment in the field
is consistent with this formula. The Ionic Activity Products Q
between ion species and minerals are computed according
to the quoted green rusts (Table 3; Maitre. 1991; Bourrié
and Maitre, 1994) and are not in favour of GRI(CI™),
GR2(SO; ") and GR1(CO; ). However, one cannot ex-
clude either nonstoichiometric green rusts or a plausible stoi-
chiometric GR1(OH ™). The solution relative to GR1(OH ~)
corresponds to the equilibrium: Fe,(OH)s + 1/2 e~ + 5/2
H* & Fe’” + 5/2 H,0, giving log Q = {2 log {Fe*" ] + §
pH + pe}, where [Fe?" ] is the activity of Fe"* ions, pe the
electron potential, i.e., (E,/0.05916), and E, the electrode
potential relative to the hydrogen standard electrode. A sta-
tistical Student’s test gives a value x = 0.5 in the general
formula of green rust with a confidence interval [0.378;
0.622] for a probability of 0.9.

A new mineral, occurring in the natural environment of
gleyey soils due to reductomorphic conditions, is identified
by Mdgssbauer and Raman spectroscopies from the forest of
Fougéres (Brittany-France) for the first time. Its tenta-
tive formula is written as Fe,(OH); or [Fe'MFe""
(OH),;]" - [OH] . Therefore, green rusts are genuine miner-
als, i.e., compounds forming in natural environments. More
work should be done to define their occurrence and crystal
structure, especially to establish definitely which anions bal-
ance the positive charges due to the presence of Fe(IIl)

cations and these minerals are likely to control the mobility
of Fe in the environment.
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