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INTRODUCTION

Goethite, α-FeOOH, is the most ubiquitous iron oxide in
terrestrial soils (Cornell and Schwertmann 1996). In natural
goethites, Al frequently substitutes for Fe, occasionally reach-
ing up to 0.33 mole fractions (Fitzpatrick and Schwertmann
1982; Tardy and Nahon 1985; Fabris et al. 1986; Carlson 1995).
Although V3+, Cr3+, Mn3+, Co2+, Ni2+, Cu2+, and Zn2+ have ionic
radii and electronic configurations much more similar to Fe
than Al, transition metal substituted goethites are less commonly
found in soils (Anand and Gilkes 1987; Trolard et al. 1989;
Singh and Gilkes 1992; Schwertmann and Pfab 1997). For all
except Mn, this can be explained by their low abundance in the
Earth’s crust (<135 mg/kg) and by their tendency to form min-
erals with a high weathering stability (Mason and Moore 1982).
Manganese, however, is much more common (~950 mg/kg),
and it is mobilized and precipitated in soils and sediments to-
gether with Fe over a similar range of redox potentials (Patrick
and Jugsujinda 1992). Surprisingly, reports on Mn-substituted
goethite, MnxFe1–xOOH are scarce, either from soils (Vanden-

berghe et al. 1986a; Hus and Stiers 1987; Trolard et al. 1995)
or from marine crusts (Boughriet et al. 1996). One so-called
Mn goethite from a deep-sea Fe-Mn crust contained Mn4+, and
most likely as a separate Mn phase associated with goethite
instead of being a Mn substituted goethite (Manceau et al. 1992).
In manganese nodules with a wide elemental variation in dis-
tinct growth bands, the presence of higher concentrations of
Mn even seemed to exclude Fe, and vice versa (Burns and Burns
1979). In the laboratory, however, α-MnxFe1–xOOH can be eas-
ily synthesized from Mn3+ or Mn2+ salts, with xMn up to 0.13
(Stiers and Schwertmann 1985; Vandenberghe et al. 1986b;
Cornell and Giovanoli 1987a; Diaz et al. 1989; Vempati et al.
1995; Ford et al. 1997; Gasser et al. 1999). By sustaining a pH
of 6 during crystallization, xMn as high as 0.47 could be achieved
(Ebinger and Schulze 1989, 1990). Ferrimagnetic (Fe, Mn)
spinel phases form, however, at a pH of 8 or higher (Ebinger
and Schulze 1990; Wolski et al. 1997).

Although the α-MnOOH end-member, groutite, occurs in
marine environments and ore bodies (Varentsov 1996), it has
not been found in soils, where Mn4+ oxides or mixed Mn4+/
Mn3+ oxides, like birnessite, lithiophorite, hollandite, pyrolusite,
todorokite, romanèchite, vernadite, and cryptomelane are preva-
lent (Taylor et al. 1964; Ross et al. 1976; Uzochukwu and Dixon
1986; Birnie and Paterson 1991; Robbins et al. 1993). The nomi-
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ABSTRACT

Both X-ray absorption and diffraction techniques were used to study the structural environment
and oxidation state of Mn in goethite-groutite solid solutions, α-MnxFe1–xOOH, with xMn ≤ 0.47.
Rietveld refinement of X-ray diffraction (XRD) data was employed to investigate the statistical
long-range structure. The results suggest that increasing xMn leads to a gradual elongation of Fe and
Mn occupied octahedra which, in turn, causes a gradual increase of the lattice parameter a and a
gradual decrease of b and c in line with Vegard’s law. X-ray absorption fine structure (XAFS) spec-
tra at the MnKα and FeKα edges revealed, however, that the local structure around Fe remains
goethite-like for xMn ≤ 0.47, while the local structure around Mn is goethite-like for xMn ≤ 0.13, but
groutite-like for higher xMn. The spectral observations were confirmed by XAFS-derived metal dis-
tances showing smaller changes around Fe and larger changes around Mn as compared with those
determined by XRD. Therefore, the XAFS results indicate formation of groutite-like clusters in the
goethite host structure for xMn > 0.13, which remain undetected by XRD. The first prominent reso-
nance peak in the X-ray absorption near-edge spectra (XANES) of the Mn goethites was 17.2 to 17.8
eV above the Fermi level of Mn (6539 eV), in line with that of Mn3+ reference compounds, and well
separated from that of Mn2+ and Mn4+ compounds. Therefore, Mn in goethite is dominantly trivalent
regardless of whether the samples were derived from Mn2+ or Mn3+ solutions. This may indicate a
catalytic oxidation of Mn2+ during goethite crystal growth similar to that found at the surface of Mn
oxides.


