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Abstract
Studies suggest that feitknechtite (β-MnOOH) is a prevalent, and perhaps necessary, intermediate 

phase during the synthesis of birnessite-like phases, the abiotic oxidation of Mn2+, and the transforma-
tion of biogenic hexagonal phyllomanganates to more complex Mn oxides in laboratory and natural 
systems. Researchers have generally described feitknechtite as consisting of pyrochroite-like (or cad-
mium iodide-like) Mn-O octahedral layers, but a detailed crystal structure has not been reported. We 
used TEM/SAED and powder XRD and Rietveld refinements to derive the unit cell and, for the first 
time, report a complete structure description for feitknechtite (β-MnOOH). Rietveld refinements were 
also completed for three natural feitknechtite/hausmannite samples, and time-resolved synchrotron 
XRD experiments were used to follow the thermal transformation of feitknechtite to hausmannite. Ad-
ditionally, we identified and report the structure for a second, and perhaps novel, MnOOH polymorph 
(proposed designation ε-MnOOH), mixed with the synthetic feitknechtite, that is similar to β-MnOOH 
but with a different layer stacking.
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Introduction
Feitknecht and Marti (1945) observed that oxidation of a 

suspension of synthetic Mn(OH)2 resulted in a hydrated oxide 
of tri- and divalent Mn with a crystal structure related to that 
of hausmannite (Mn3O4). The hydrate was distinguished from 
hausmannite by the presence of a strong extra line (of unspecified 
d-spacing—only a line drawing was shown) in the low-angle 
region of the powder diffraction pattern. Frondel (1953) 
described a natural analog of this same hydrous Mn oxide as an 
alteration product of natural Mn(OH)2 (pyrochroite) crystals from 
Sweden and Franklin, New Jersey. He called this new mineral 
hydrohausmannite, the same name proposed by Feitknecht and 
Marti (1945) for their synthetic material. Frondel (1953) also 
observed the same characteristic low-angle strong line noted 
by Feitknecht and Marti (1945) in the powder XRD pattern, 
and Frondel (1953) reported the d-spacing as 4.65 Å. Electron 
microscopy studies by Feitknecht et al. (1962), however, revealed 
that synthetic hydrohausmannite was actually a mixture of Mn3O4 
(hausmannite) and a second phase that they called β-MnOOH. 
Bricker (1965) examined a hydrohausmannite sample from 
Sweden and confirmed that it, too, was a mixture of the same 
two phases. He proposed that β-MnOOH be given the mineral 
name feitknechtite and that hydrohausmannite be discredited.

Synthesis experiments by Bricker (1965) suggested that a 
series of compounds might exist spanning the composition range 
from Mn(OH)2 to MnOOH. They observed that a mixture of 
β-MnOOH and hausmannite always formed from rapid oxidation 
of water suspensions of Mn(OH)2, and that the solids transform to 

manganite (γ-MnOOH) upon standing. Hem (1978) and Hem et 
al. (1982) similarly report that β-MnOOH is the phase commonly 
obtained when Mn2+ is air-oxidized but that it is metastable and 
changes to manganite on aging in aerated solutions. They also 
suggested that it is an important intermediate for various Mn oxi-
dation reactions, particularly in natural systems at temperatures 
<20 °C, where aqueous systems might first form feitknechtite 
as the precursor to MnO2 phases, e.g., lake and ocean nodules. 
Klewicki and Morgan (1999) concluded that dissolution of 
MnOOH phases by Mn(III)-stabilizing ligands (e.g., citrate, 
EDTA, and pyrophosphate) at circumneutral pH conditions might 
be a significant factor in Mn cycling in natural waters.

Many researchers have suggested that Mn oxides in natural 
systems derive from biogenic oxidation of dissolved Mn2+ or by 
alteration of biogenic hexagonal birnessite-like phases to more 
crystalline secondary oxides. For example, Mandernack et al. 
(1995) observe that oxidation of aqueous Mn2+ by spores of 
Bacillus bacterium, strain SG-1, in HEPES-buffered water and 
seawater systems, pH 7.4–8.0, produces predominantly hausman-
nite and feitknechtite at high-Mn2+ concentrations (>~1 mM), 
whereas feitknechtite is favored at temperatures <~25 °C. Luo 
et al. (1998) report that feitknechtite is an intermediate phase 
initially formed during synthesis of birnessite-like material via 
oxidation of Mn(OH)2 with permanganate and acetate. Bargar et 
al. (2005) demonstrate that biogenic hexagonal birnessite reacts 
with Mn2+ to form triclinic birnessite-like phases for [Mn2+] 
<500 μM but forms feitknechtite at higher concentrations at near 
neutral pH. Elzinga (2011) and Lefkowitz et al. (2013) determin-
ed that dissolved Mn2+ converts hexagonal birnessite-like phases 
to feitknechtite and manganite at neutral pH and above, but that 
only feitknechtite forms at pH 7 to 8.5 for low-Mn2+ concentra-
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