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Abstract
Nanophase Fe-oxyhydroxides in freshwater ferromanganese nodules (FFN) from Green Bay,
Lake Michigan, and adsorbed arsenate have been investigated by X‑ray powder diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM), Z-contrast imaging, and ab initio
calculations using the density functional theory (DFT). The samples from northern Green Bay can
be divided into two types: Fe-Mn nodules and Fe-rich nodules. The manganese-bearing phases are
todorokite, birnessite, and buserite. The iron-bearing phases are feroxyhyte, nanophase goethite,
two-line ferrihydrite, and nanophase FeOOH with guyanaite structure. Z-contrast images of the
Fe-oxyhydroxides show ordered FeOOH nano-domains with guyanaite structure intergrown with
nanophase goethite. The FeOOH nanophase is a precursor to the goethite. Henceforth, we will refer to
it as “proto-goethite.” DFT calculations indicate that goethite is more stable than proto-goethite. Our
results suggest that ordering between Fe and vacancies in octahedral sites result in the transformation from feroxyhyte to goethite through a proto-goethite intermediate phase. Combining Z-contrast
images and TEM-EDS reveals that arsenate (AsO43–) tetrahedra are preferentially adsorbed on the
proto-goethite (001) surface via tridentate adsorption. Our study directly shows the atomic positions
of Fe-oxyhydroxides with associated trace elements. The methods can be applied for identifying
structures of nano-phases and adsorbed trace elements and heavy metals.
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Introduction
Freshwater ferromanganese nodules (FFN) are found in
lakes throughout the northern temperate latitudes and are
often associated with glacial debris (Rossmann and Callender 1968). Glaciated regions around the Green Bay, Lake
Michigan, contain sediments derived from Precambrian rocks
that may be plentiful sources of iron, manganese, and trace
elements (Rossmann and Callender 1968). Dissolved metals
from glacier-derived sediments contribute to the formation and
chemistry of the Green Bay FFN on the surficial sediments,
where sedimentation rates are low (Callender et al. 1973).
Previous studies of Green Bay nodules provide information on
their mineralogy, occurrence, bulk chemical composition, and
bacterial population relationships (Rossmann and Callender
1968; Edgington and Callender 1970; Robbins and Callender
1975; Christensen and Chien 1981; Rossmann and Edgington
2000; Stein et al. 2001). However, few studies have addressed
nanophase Fe minerals and their trace-element binding behavior
in Green Bay nodules (Stein et al. 2001). In contrast, ocean
ferromanganese nodules have been actively discussed because
they are more likely to be economically viable ore deposits
and they contain much higher concentrations of trace metals
than those formed in the freshwater environment (Marcus et al.
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2004; Novikov and Bogdanova 2007; Feng et al. 2012; Atkins
et al. 2014; Manceau et al. 2014a).
Green Bay nodules contain nanophase Fe-oxyhydroxides:
feroxyhyte, nanophase goethite, and two-line ferrihydrite
(Callender et al. 1973). The nature of some of the iron oxyhydroxides is still perplexing due to their highly defective and
disordered crystal structures. Nanophase goethite is reported
to be the major Fe-oxyhydroxide in lacustrine environments
(Fontes et al. 1992; Manceau et al. 2003; Handler et al. 2009).
Feroxyhyte has a disordered structure with cations distributed semi-randomly over the anion interstices (Drits et al.
1993a). The feroxyhyte generally occurs with its polymorphs,
nanophase goethite (Koch et al. 1995; Majzalan et al. 2008).
Ferrihydrite, a common Fe-oxyhydroxide mineral in oxidized
sediments, exists as highly defective nanoparticles (Drits et al.
1993b; Michel et al. 2007; Manceau 2009; Harrington et al.
2010; Parise et al. 2010). The structure of ferrihydrite is still
controversial (Michel et al. 2007; Harrington et al. 2010; Parise
et al. 2010; Manceau 2011; Manceau et al. 2014b).
Nanophase iron oxyhydroxides have large surface areas and
high chemical activity, both of which contribute significantly
to the adsorption of trace elements (Cornell and Schwertmann
2003; Marcus et al. 2004; Barron and Torrent 2013). Previous
studies revealed that Fe-oxyhydroxides preferentially incorporates As, U, and V (Nowlan 1976; Palumbo et al. 2001;
Koschinsky and Hein 2003; Manceau et al. 2007a, 2014a). The
preference of oceanic ferromanganese nodules for adsorption of

