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Abstract

The names todonokite and buserite are two competing terminologies for the abundant
manganese oxide mineral occurring in deep-sea manganese nodule deposits. Proponents of
the buserite phase claim it to be the parent of todorokite which is considered to be a
mixture of buserite and its breakdown products birnessite and manganite (rMnOOH). The
recent experimental evidence demonstrating the integrity of todorokite (a tekto-manganate
with multidimensional tunnels formed by walls of edge-shared [MnOe] octahedra) has led to
an assessment of the proposed relationships between synthetic buserite (a phyllo-
manganate containing layers of edge-shared [MnOo] octahedra) and its transformation
products. Inconsistencies are found to exist in published electron diffraction data underly-
ing the proposed topotactic transformation mechanism of synthetic birnessite platelets to
acicular "7MnOOH" crystallites suggested to constitute natural todorokites. The crystal
chemistry of todorokite structure'types is discussed. We suggest that three types of atomic
substitution occur in the tunnel structures: first, substitution of Mn2* by other divalent
cations (e.g., Mg2*, Niz+, Cu2*, Zn2*1 in the "walls" formed by chains of edge-shared
[MnOe] octahedra, characteristically three octahedra wide; second, replacement of Mna*
by similar sized cations (e.g., low.spin Co3+) in the "ceilings" or "floors" typically three,
but as many as seven or more, [MnOe] octahedra wide; and third, in the tunnel interiors
adjacent to Mna+ vacancies in the "ceilings." Here, a variety of large cations (K+, Ba2+,
Ag*, Pb2*, Ca2+, Na*;, H2O molecules, and hydrated transition metal cations could be
accommodated. We recommend that the name todorokite be universally adopted for the
predominant manganese oxide mineral accommodating divalent cations of nickel and
copper in marine manganiferous concretions.

Introduction

Ono of the most common manganese oxide phases
detected in marine ferromanganese nodules, crusts and
rnetalliferous sediments is that with characteristic X-rav
difraction lines at 9.5-9.8A and 4.8-4.9A. Chemical ani
electroR microprobe analyses of this nodule l0A pfiase
phase indicate that it is a hydrated Mn-Mg-Ca-Na-Ni-
Cu oxide. Its ability to concentrate Ni and Cu to several
weight percent (Burns and Burns, 1978, 1979b) makes
deep-sea manganese nodules the focus of considerable
scientific and economic interest (Glasby, 1977; Crortan,
l9ro).

X-ray diffraction patterns similar to that of the nodule
l0A phase are shown by two other species: todorokite, a
Mn-Mg-Ca-Na-K oxide originally reported in a non-
maririe environment (Yoshimura, 1934); and derivatives
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of a synthetic sodium manganese oxide hydrate (Feitk-
necht and Marti, 1945; Wadsley, 1950a, b) called "l0A
manganite." As a result, the phase occurring in manga-
nese nodules was identified as either todorokite (Straczek
et al., 19ffi; Hewitt et al., 1963), or synthetic "l0A
manganite" (Buser, 1959). This dual nomenclature has
pervaded the literature on marine manganese deposits
(Burns and Burns, 1977a, 1979b), d-espite the complaint
(Arrhenius, 1963) that the term "l0A manganite" causes
confusion with the mineral manganite (rMnIllOOH).

Giovanoli et al. (1971) proposed that the nodule l0A
phase be called buserite, in honor of W. Buser, and
suggested that buserite has the same crystal structure as
synthetic "l0A manganite." Buserite was accepted as a
mineral name by the Commission on New Minerals by a
small majority (M. Fleischer, personal communication,
1974), and although it is listed in Hey and Embrey (1974),
the name is absent from Fleischer's (1980) "Glossary of
Mineral Species." Giovanoli and coworkers (1971, 1975)
further contended from X-ray diffraction and electron

972



microscopy measurements of synthetic manganese ox-
ides that natural todorokites are a mixture of buserite and
its decomposition products birnessite and manganite (r
MnOOH). The Swiss group also recommended that to-
dorokite should be discredited as a valid mineral (Giovan-
oli and Brutsch, 1979a, b; Giovanoli, 1980). However,
recent experimental evidence verifying the integrity of
todorokite includes results derived from infrared spec-
troscopy (Potter and Rossman,1979), electron diffraction
(Chukhrov et al., 1978, 1979, l98l; Siegel, l98l), hieh
resolution transmission electron microscopy (snreu)
(Turner and Buseck, 1979, 1981, Turner et al., 1982), and
extended X-ray absorption fine structure (exnrs) mea-
surements (Crane, 1981) of manganese (IV) oxide miner-
als.

The conflicting viewpoints about todorokite have led us
to critically evaluate experimental results and literature
on buserite and todorokite. We summarize here evidence
demonstrating that buserite and todorokite are distinct
phases, describe recent observations of todorokite in
marine manganese nodules, and discuss possible crystal
structures and site occupancies of cations in the todoro-
kite polymorphs. Finally, we recommend that todorokite
takes precedence over buserite for the predominant l0A
phase in manganese nodules.

Survey of the crystal chemistry of todorokite and
buserite

Todorokite

Todorokite occurs in a variety of terrestrial deposits.
At the type locality in Japan, it is formed as an alteration
product of inesite (Yoshimura, 1934). The economically
important todorokite deposits of Cuba, such as Charco
Redondo in Oriente Province, were formed syngenetical-
ly during the Eocene in foraminiferal oozes on the sea-
floor near fumerolic hot springs accompanying volcanic
activity. Subsequent to lithification, some todorokite in
the weathering zone has altered slightly to manganite,
with more intense weathering yielding pyrolusite (Simons
and Straczek, 1958; J. A. Straczek, personal communica-
tion, 1978). In other terrestrial localities, todorokite is
reported to be of secondary origin (Frondel et al.,1960;
Larson, 1962). X-ray difraction data show that consider-
able variations exist between relative intensities of com-
parable lines for different todorokite samples. Faulring
(1962) attributed these large intensity variations, as well
as the diffuseness of certain reflections, to preferred
orientation of the fibrous crystallites of todorokite studied
by her from Charco Redondo, Cuba. Thus, the most
intense lines at 9.65A and 4.82A observed when X-rays
are difracted parallel to the fiber axis were weak or
undetected for X-rays diffracted perpendicular to the
crystallite axis. The most intense lines in the latter
orientation occur at 2.424 and 1.424. Faulring ( 1962) also
suggested that manganite was topotactically intergrown
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with the Cuban todorokite, either forming simultaneously
with todorokite, or resulting from its alteration. The latter
observation was later cited as evidence by Giovanoli and
coworkers (1971, 1975) for rejecting todorokite as a valid
mineral.

Chemical analyses of todorokites in continental depos-
its (Straczek et al.,1960; Frondel et aI., 1960; Nambu el
al., 1964) show that manganese is present in two oxida-
tion states, and that MnII/MnIv ratios fall in the range
0.15-0.23. Significant amounts of Mg are also present,
suggesting that relatively small divalent Mg2* and Mn2*
ions are essential constituents oftodorokite. The analyses
show that Ca2*, Na* and to lesser extents K+, Ba2*,
Ag* lRadtke et aL, 1967) and Zn2* (Larson, 1962), are
also common constituents. Several chemical formulae
have been proposed for todorokite, including (Ca,Na,K,
Ba,Ae) (Mg,Mnz*,Zn) Mnl* O12 ' 3H2O (Frondel er a/.,
1960).

Most todorokites in hand specimen consist of fibrous
aggregates of small acicular crystals, although platey
morphologies have been observed. Electron micrographs
(Straczek et al., 1960; Hariya, 1961; Finkelmann et al.,
1974, Chukhrov et al.,1978; Burns and Burns, 1979a)
reveal that the crystals consist of narrow lathes or blades
elongated along one axis (parallel to b) and frequently
show two perfect cleavages parallel to (001) and (100).

A structural model for todorokite was inferred from its
crystal morphology, cleavage properties and electron
diffraction data (Burns and Burns, 1977b). It was noted
that minerals of the hollandite-cryptomelane and psilom-
elane (romandchite) groups also have fibrous or acicular
habits and two perfect cleavages parallel to the fibre axis,
as do a variety of synthetic Tilv oxides. Since these
phases possess tunnel structures consisting ofdouble and
treble chains of edge-shared [MnOo] octahedra,2 Burns
and Burns (1977b) proposed that todorokite might also
have a tunnel structure based on chains of multiple width
edge-shared [MnOo] octahedra extending along its b axis.
The correlation is borne out when comparisons are made
between the unit cell parameters of todorokite, psilome-
Iane, and hollandite-group minerals. Furthermore, todor-
okile and psilomelane both contain essential Mn2* ions,
and i! psilomelane these divalent cations are located in
specific positions in the triple chains of edge-shared
octahedra. Burns and Burns suggested that Mn2*, Mg2*,
Ni2+, etc. might also be located in analogous sites in
todorokite. The larger Ca2*, Na*, K+, Ba2+, erc. ions
and H2O molecules in todorokite were envisaged to
occupy large tunnels in a psilomelanelike tektomangan-
ate structure (Burns and Burns, 1979a). The site occupan-
cies of cations in todorokite are discussed later.

Recent electron diffraction and high resolution trans-

2 HRTEM measurements show [2x2] tunnels in hollandite-
cryptomelane and [2x3] tunnels in psilomelane (romandchite)
(Turner and Buseck, 1979).
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mission electron microscopy measurements of natural
todorokites have confirmed the structural model for to-
dorokite proposed by Burns and Burns (1977b,1979a).
Selected area electron diffractio-n (SAD) patterns of the
Cuban todorokite with a :9.754 (Chukhrov et al..1978.
1979) revealed three less intense reflections (d : 9.754)
corresponding to four sub-cells along the a* axis between
the strong reflections (d : 2.444) forming a pseudohexa-
gonal net (Straczek et al., 19ffi1' V. M. Burns, unpub-
lished data). This is in contrast to SAD patterns of
synthetic buserite discussed later which contain only
three sub-cells along the ax axis (Giovanoli, 1980; V. M.
Burns, unpublished data). Hnrev images of the Cuban
todorokite (Turner and Buseck, l98l; Chukhrov et al.,
1978) revealed it to have a tunnel structure, in which
[3x3] tunnels with dimensions 9.754 x 9.594 predomi-
nate (Turner and Buseck, l98l: Turner et al., 1982).
Chukhrov et al. (1978, 1979, l98l) studied todorokites
from other localities, including a Pacific Ocean manga-
nese nodule, and found SAD patterns having b (2.844)
and c (9.59A) parameters identical to the Cuban todoro-
kite, but larger a parameters (14.64, 19Szland 24.384).
Trilling intergrowths of these todorokites produce platey
morphologies, while SAD patterns of the platelets reveal
nets of hexagonal, triangular, and rhombic cells with four
or five weaker reflections (d : 14.64 or 24.38A) between
the strong reflections (d : 2A4h along the a* axes
(Chukhrov et al., 1978;1979; Burns and Burns, 1979a).
Chukhrov et a/. proposed that a family of todorokite
species might exist having a unit cell parameters which
are integral multiples of 4.88A. Lattice image photo-
graphs of todorokite published by Chukhrov et al. (1978)
also show evidence of structural disorder. In addition to
the structure-types suggested by the variability of the a
parameter, Chukhrov et al. fonnd variations in the peri-
odicity of the (100) planes. Thus, in addition to the main
super-periodicity oftodorokites producing a = 9.75A and
14.6A, defect layers wrtn I.SZA and 12.4A were ob-
served. These layers are multiples of 2.444, the height of
the base (i.e., dimensions of a [1ll] axis) of a MnOc
octahedron.

Subsequent HRTEM images of todorokites from terres-
trial deposits (Turner and Buseck, l98l) and from manga-
nese nodules (Turner et al.,1982; Turner and Buseck,
1982) revealed them to be intergrowths of tunnels of
different widths. Although [3x3] dimensional tunnels
predominate in todorokite, occasional tunnels with [3x2],
[3 x 4], [3 x 5] , [3 x 8] and higher dimensions were observed
in crystals from both terrestrial and manganese nodule
deposits.

Buserite

Buserite, which is assumed (Giovanoli et al.,l97l) to
be equivalent to synthetic sodium manganese (II, In)
manganate (IV) hydrate or " l0A manganite", is prepared
by oxidation of fresh Mn(OH)z suspensions in cold aque-
ous NaOH solutions by molecular oxygen (Giovanoli er

al., 1970a). Synthetic buserite consists of elongated plate-
lets which give an electron diffraction pattern with pseu-
dohexagonal symmetry and weak superstructure reflec-
tions (d : 7.38A) with a pgriodicity of three between
major reflections (d : 2.464) in the basal (001) planes
(Giovanoli, 1980). X-ray difraction measurements (Gio-
vanoli et al., 1975; Giovanoli, 1980) reveal that the
diagnostic intense lines representing basal plane separa-
tions occur in sodium buserite at l0.l-10.2 and 5.0-5.1A;
these distances are significantly larger than those mea-
sured in samples of marine manganese oxide deposits and
in todorokite. A variety of buserite derivatives can be
synthesized by cation exchange reactions (Wadsley,
1950a, b; Giovanoli et al.,1975; Giovanoli and Arrhenius,
1983), and the Mg2+, Cu2*, Ni2*, erc. derivatives have
smaller basal plan spacings than the sodium-bearing par-
ent buserite (Giovanoli, 1980). The transition metal deriv-
atives appear to have greater thermal stabilities and to be
more resistant to dehydration than the parent Na buserite
(Giovanoli et al. 1975; Giovanoli and Arrhenius, 1983).

Sodium buserite readily decomposes when exposed to
air. Drying over PaOls in vacuo leads to the formation of
sodium birnessite, NtuMnr+Ozz ' 9H2O, which also has a
platey morphology (Giovanoli et al., 1970a; Giovanoli,
1980). The strongest basal plane X-ray difraction lines
then occur at 7.1 and 3.55A. The electron diffraction
patterns of the platelets again show pseudohexagonal
symmetry and superstructure with only triple periodicity
(Giovanoli et al., 1970a; Giovanoli, 1980). The latter
superstructure forms the basis for postulating a vacancy-
ordered layered structure for birnessite (Giovanoli et al.,
1970a) based on the chalcophanite structure (Wadsley,
1955). The structure of chalcophanite, Zn2MnoOra '

6H2O, consists of layers of edge-shared [MnOe] octahe-
dra and single sheets of water molecules between which
the Znz+ ions are located. The octahedral layer is only 6/7
filled by Mna+; that is, one out of every seven octahedral
sites is vacant. The Znz* atoms occur above and below
the vacancies in the octahedral layers, and the stacking
sequence along the c axis is -O-Mn-O-ZwH2O-Zn-O-
Mn-O-, so that consecutive [MnOe] Iayers are about
7.164 apart. In the structure of sodium birnessite pro-
posed by Giovanoli et al. (1970a), one out of every six
octahedra is vacant, and Mn2* and Mn3* are suggested to
lie above and below vacancies in the octahedral layer.
The positions of the Na* ions are uncertain. Buserite is
considered to have a similar layered structure, but addi-
tional OH- ions and HzO molecules are present so that
the v-acancy-ordered layers of [MnOo] octahedra are9.6-
10.1A apart (Giovanoli, 1980). Recent intercalation stud-
ies of synthetic burserite (Paterson, 1981; Giovanoli and
Arrhenius, 1983) correlate with its proposed layer struc-
ture.

When NaaMn ro,Ozt ' 9HzO is refluxed with dilute HNOr
at 40'C, a sodium-free birnessite, Mn7O13 ' 5H2O, is
obtained (Giovanoli et al., 1970b) which again has a
platey habit. The electron diffraction patterns of (001)
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platelets show hexagonal symmetry, but streaks in the
sub-cell are interpreted to be indicative of vacancy disor-
der ing in  the IMnOe] octahedral  layers.  When
Mn7O13 . 5H2O is subjected to careful reduction with
cinnamyl alcohol, the platelets break down to extremely
thin needles (Giovanoli et al.,l97l). These needles failed
to give an X-ray diffraction pattern, but were believed to
be IMnOOH (manganite). Giovanoli et al. (1971) pro-
posed a mechanism for the topotactic transformation of
Mn7O13 . 5H2O to "yMnOOH". They believed that the
(fi)l) layers of linked lMnlvoul octahedra in birnessite
correspond to chains of [MnrII(OH,O)o] octahedra in the
(010) plane of "7-MnOOH," and that the [100] direction
of birnessite became the needle axis (c axis) of the ,.y
MnOOH" formed topotactically. The structural correla-
tions suggested by Giovanoli et al. (1971) are shown in
Figure l, and are discussed later.

These observations for buserite and its dehydration
products formed the basis for Giovanoli and his cowork-
ers (1971; 1975:- l979a,b; 1980) to propose that world-wide
todorokite ores actually consist of buserite partly dehy-
drated to birnessite and partly reduced to needles of
manganite (Giovanoli and Biirki, 1975). According to this
view, the small amount of buserite in the ores accounts
for the characteristic X-ray diffraction pattern, while a
large amount of fibrous, nearly amorphous manganite
accounts for the morphology. Apparently this "y-
MnOOH," which could not be detected by X-ray diffrac-
tion (due to its small crystallite size), is recognized on the
basis of electron microscope observations of morpholo-
gy. Thus, the argument against the integrity of todorokite
as a mineral depends on the analogy with the topotactic
decomposition of synthetic Mn7O13 . 5H2O (birnessite) to
what could be unambiguously identified as y-MnOOH on
the basis of morphology and electron diffraction. Appar-
ently, the morphology argument was considered stronger
than the diffraction evidence, as the electron diffraction
patterns observed for the hypothetical todorokite decay
products do not match those of the experimental birnes-
site decay product.

Information from infrare d sp e ctros copy

Some of the problems of identification and structural
correlations for todorokite and buserite have been ad-
dressed by infrared spectroscopy (Potter and Rossman,
1979). In a study of numerous natural and synthetic
manganese oxides, Potter and Rossman (1979) demon-
strated that it is possible to distinguish between different
[MnOo] structural linkages by their spectral profiles in the
mid-infrared region. They have shown, for example, that
the proposed layer structure of birnessite is supported by
its infrared spectrum, and have confirmed the identity of
natural birnessite with its synthetic analogues. The infra-
red spectra also show that synthetic buserite and birnes-
site have analogous structures, the shift from the l0A to
7A basal plane spacing in X-ray diffraction patterns being

mangan i  t e  b i rness i t e

Fig. l. Schematic structural diagrams relating the synthetic
birnessite MnTO;3 . 5H2O phase (right) to its proposed topotactic
transformation product manganite yMnOOH (left) [from
Giovanoli et al.,1971, Fig. l l l .

the result of water loss alone rather than to a structural
rearrangement of the [MnOe] framework.

The infrared spectra of natural todorokites (Potter and
Rossman, 1979) indicate that this mineral is not analogous
to any synthetic phases, including buserite and its cation-
exchanged derivatives, or to any decomposition products
of buserite such as birnessite and manganite. Potter and
Rossman suggested that the todorokite spectra are con-
sistent with either a layer structure of linked [MnOe]
octahedra containing vacancies, or a highly polymerized
chain or tunnel structure with quadruple chains. Their
hypothesis conforms with observations of the multidi-
mensional tunnels found in subsequent studies ofnatural
terrestrial and marine todorokites (Turner and Buseck,
1981, 1982; Turner et al.,1982).

Discussion

The information derived from infrared spectroscopy,
electron diffraction, and Hnreu measurements appear to
demonstrate conclusively that todorokite and buserite are
distinct phases having different linkages of edge-shared
[MnOo] octahedra. Nevertheless, Giovanoli and cowork-
ers (1971; 1975; 1979a, b; 1980; 1983) maintain that
buserite is the primary phase and that todorokite is an
assemblage of buserite and its breakdown products
birnessite and manganite. However, close examination of
the evidence presented by the Swiss group reveals appar-
ent inconsistencies in interpretations of their data or
questionable relevance of the results to geochemical
processes.

First ofall, there are the inferences from the laboratory
studies that are not correlatable with sedimentary mineral
formation. For example, the decomposition studies of
synthetic Mn7O13 . 5H2O to the presumed manganite (y
MnOOH) phase reported by the Swiss group were not
performed on buserite, but on a sodium-free birnessite
under conditions (reduction with cinnamyl alcohol) not
found in nature. Also, the initial dehydration of Na
buserite by drying over PaO16 in vacuo and conversion of
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Na birnessite to Mn7O13 . 5H2O by refluxing with dilute
HNO3 at 40'C are unlikely geochemical processes. Fur-
thermore, the implication that todorokite in deep-sea
manganese nodules represents buserite which has dehy-
drated, in situ to birnessite is untenable. Second, the
Swiss group did not prove that crystal morphology is
more definitive than diffraction evidence for identifying
manganite, but instead assumed that the fibrous pseudo-
morphs of decomposed Mn7O13 . 5H2O must be manga-
nite, despite diffraction evidence to the contrary (see
below). Third, although some todorokite ores in the
weathering zone in Cuba have been slightly weathered to
manganite and pyrolusite, there is no reason to believe
that the fibrous habit of this material is due to a large
component of non-diffracting manganite since fibrosity is
an inherent property of all todorokites from other local-
ities. Gram for gram, many todorokite ores give charac-
teristic X-ray powder diffraction patterns (nor containing
manganite d-values) as intense or more intense than those
of synthetic buserites. Such results are inexplicable if the
ores consist of a mixture of non-difracting manganite and
undecomposed buserite.

A more rigorous examination of the evidence for the
proposed birnessite-+manganite topotactic relationship
(Giovanoli and Stiihli, 1970; Giovanoli, et al., 1970a,b,
l97l) reveals that the structural interpretation is incor-
rect. In the schematic structure of manganite (e.g., Figure
ll in Giovanoli et a\.,1971), reproduced here in Figure I,
the authors inadvertently switched the a and b transla-
tions (with respect to the structure). In order to have the
electron diffraction measurements actually agree with the
true manganite structure (Buerger, 1936; Dachs, 1963),
the idealized structure depicted in Figure I must be
rotated 90'about the c axis. In this orientation, the planar
triangular [111] surfaces of the [Mnur(OH,O)6] octahedra
in manganite no longer coincide with similar surfaces of
the layers of [MnIvOu] octahedra in birnessite, so that the
postulated topotaxy is much less evident. The structure
correlation between manganite and birnessite suggested
by Giovanoli et al. in Figure I has another inconsistency
in that each row of [MnO6] octahedra in the birnessite
structure is drawn to align with two rows of octahedra in
the manganite structure one of which is devoid of Mna+
ions, resulting in octahedra with unusual proportions. In
addition, the structures sketched in Figure I reveal anoth-
er problem (S. Turner, pers. comm. , 1982) in that the
spacing between the layers of birnessite is incorrect
(relative to the^manganite structure). They show-a spac-
ing of about 5A instead of the true value of 7 .27 A.

One of the consequences of mislabelling the axes of
manganite in Figure I is that the indexing of electron
diffraction patterns of the break down product of
Mn7O13' 5H2O purported to represent the a*-c* zero
level of manganite (Giovanoli et al.,1971, Filures 7 and
12; Giovanoli, 1980, Figure 15) does not sarisfy criteria
for the space group B21ld deterrnined for the manganite
structure (Buerger, 1936). The difraction pattern of the
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altered Mn7O13 '5H2O phase (Giovanoli et al., l97l;
Giovanoli, 1980) does, however, roughly fit that expected
for a (100) orientation for manganite (S. Turner, pers.
comm., 1982). Apparently, previous experience with syn-
thetic manganite (Giovanoli and Leuenberger, 1969) led
to recognition of a manganite diffraction pattern but
incorrect indexing of it.

In summary, although the topotactic relationship por-
trayed in Figure I has many flaws, the overall interpreta-
tion of the experimental work of the Swiss group may
possibly be correct, and synthetic platey birnessite might
break down to acicular manganite crystallites. However,
it is difficult to follow the logic presented by Giovanoli
and Biirki (1975) that fibrous todorokites naturally occur-
ing in marine manganese nodules and in non-marine
manganese ore deposits are mostly manganite. It be-
comes clear, though, that a critical step in their identifica-
tion of manganite based on crystal morphology and
electron diffraction evidence is ambiguous. Again, it is
difficult to understand how the proposed buserite parent
in marine manganese nodule deposits could have dehy-
drated to birnessite and decomposed to manganite in situ
on the deep seafloor.

Finally, although past X-ray powder diffraction mea-
surements of marine ferromanganese nodules and crusts
have led to ambiguous identifications of todorokite or
buserite (" 10A manganite"), it is significant that the more
recent electron microscopy techniques have identified
only todorokite in these seafloor deposits (Chukhrov er
al., 1978, 1979, l98l; Siegel, l98l; Turner and Buseck,
1982; Turner et al.,1982). Buserite has yet to be positive-
ly identified in the natural environment. Such findings
undermine the recommendation (Giovanoli et al., l97l)
that the "l0A phase" in manganese nodules be named
buserite.

Crystal structure correlations

The recent HRTEM and infrared spectral measurements
described earlier indicate that todorokites have tunnel
structures analogous to hollandite and romandchite (psi-
lomelane). Turner and Buseck (1981) proposed a provi-
sional nomenclature scheme for manganese (IV) oxide
structures in which families are designated by the symbol-
ism T(m,n), where T denotes a tunnel structure and m, n
are the widths of infinite chains of edge-shared [MnOe]
octahedra forming the walls of the tunnels. Thus, m : I
defines the nsutite family in which T(l,l) and T(1,2)
symbolize pyrolusite and ramsdellite, respectively. Inter-
growths of these fundamental units, perhaps with higher
dimensional tunnels T(1,3), T(1,4), erc. (Burns and
Burns, 1980), characterize synthetic yMnO2 and natural-
ly-occurring nsutites (Turner and Buseck, 1983). Similar-
ly, T(2,n) includes the cryptomelane-hollandite, T (2,2),
and romandchite (psilomelane), T(2,3), groups, together
with the observed coherent intergrowths of T(2,4),-
T(2,7) multidimensional tunnels found in fibrous manga-
nese oxide minerals (Turner and Buseck, 1979). Turner
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and Buseck (1981) suggested that the 7A phyllomangan-
ate birnessite phases represent the end-member T(2,o)
tunnel structure.

The todorokite family in the Turner and Buseck fl981)
classification is represented by T(3,n) with T(3,3) the
most common structure-type. The various coherent inter-
growths in todorokites recognized by them (Turner and
Buseck 1981, 1982; Turner et al., 1982) and other workers
(Chukhrov et al.,1978,1979, l98l) are designated T(3,2),
T(3,3), T(3,4), T(3,5), T(3,6), T(3,7), etc., whlte the end-
member T(3,o) is suggested to represent the phylloman-
ganate buserite phases.

Although this nomenclature summarizes the dimen-
sions of the edge-shared [MnOe] octahedral chains in
todorokites, it does not define the structural details inside
the tunnels. Some insight into the structure and crystal
chemistry oftodorokite can be deduced from correlations
with the known crystal structure of psilomelane (Wads-
ley, 1953). The "floors" and "ceil ings" of the [2x3]
tunnels of psilomelane are formed by double chains of
edge-shared [MnOo] octahedra containing only Mn4+ ions
in the M3 positions. The "walls", however, consist of
triple chains of edge-shared octahedra (defining the psi-
lomelane unit cell parameter a : 9.564), in which Mna+
ions in the central Ml position are flanked by larger
divalent cations in the M2 positions. In the todorokite
[3x3] structure-type portrayed in Figure 2, the "walls"
are suggested to be similar to those of psilomelane with
divalent cations occupying outer M2 positions in the
triple chains of edge-shared octahedra and Mna+ ions
located in the inner Ml positions (defining the unit cell
parameter c = 9.59A common to all structure-types of
todorokite). The "floors" and "ceilings" in the most
common todorokite [3x3] structure-type contain Mna+
ions in M3 and M4 positions of triple chains of edge-
shared [MnOo] octahedra, giving rise to the unit cell
parameter a = 9.754 (Fig. 2). A (001) projection of the
structure shown in Figure 2b provides another way of
viewing the "floors" or "ceilings" of the todorokite
structure. The triple chains of linked [MnO6] run parallel
to the b axis and are separated from adjacent triple chains
by furrows of Mna+ ion vacancies at the z : 0 level in the
(001) plane. In the (001) projecrion (Figure 2b) divalent
cations in M2 positions lie above and below the furrows at
approximate levels z : ll4 and 314.

The observations of different todorokite structure-
types (Chukhrov et al., 1978, 1979, lg9l) and inrer-
growths of variable tunnel widths in todorokites (Turner
and Buseck, 1981, 1982; Turner et al., l98Z) are depicted
schematically in Figure 3. This figure shows an inter-
growth of [3x3] and [3x5] tqnnels, corresponding to the
unit cell parameters a : 9.75A and a : 14.64, respective-
ly. Again, furrows of Mna+ ion vacancies at the z = 0
level define the widths of the "ceilings" (or ..floors") of
the tunnels, as portrayed in Figure 3b. It becomes appar-
ent from the (001) projections shown in Figures 2b and 3b
that very wide tunnels attaining dimensions of [3x8] and

Fig. 2. Proposed crystal structure of todorokite. The diagram
of Turner et al. (1982, Fig. l) has been redrawn to resemble the
psilomelane structure-type illustrated in Burns and Burns 1977b;
Fig.4) so as to highlight the linkages of [3x3] tunnels in
todorokite (a) a (010) projection of the structure viewed down the
[3x3] tunnels. (b) a (001) projection showing the triple chains of
edge-shared [MnOe] octahedra forming the "ceilings" or
"floors" of the [3x3] tunnels. A (001) projection showing the
triple chains constituting the "walls" is comparable.
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lent cations are bonded in postions above and below the
vacancies in the layered structures (Crane, 1981). We
noted when discussing Figure 2b earlier that divalent
cation-bearing M2 sites are located immediately above
and below the furrows of Mna* ion vacancies in the (001)
planes of todorokite. Similar Mna* ion vacancies may
also be present within the "ceilings" of todorokite,
particularly where multiple-width edge-shared [MnOe]
domains exist. Examples are sketched in Figure 3b.
These cation vacancies not only may nucleate faults,
kinks, and twinning observed in nntElvt micrographs of
todorokite fibers (Turner et al., 1982), but they also
would influence the crystal chemistry and site occupan-
cies of the tunnel interiors. As a result, three types of
atomic substitution might contribute to the crystal chem-
istry of todorokite. First, substitution of Mna+ cations by
cations of similar ionic radii (0.53-0.55A) in the "ceil-
ings", such as low-spin Co3* ions (Burns, 1976). Second,
substitution of divalent Mn2* ions in the "walls" by
Mg2*, Ni2*, Ctr2* , Zrf* and other cations having ionic
radii in the range 0.65-0.804, and third, constituents of
the tunnels. The latter would consist of a variety of large
cations (K+, Ba2+, Ag+, Na+, Ca2*,Pb2*), H2O mole-
cules, and smaller hyrated cations adjacent to Mna+
vacancies in the "ceilings."

The cation site occupancies of todorokites and buser-
ites proposed here also account for relative stabilities
toward oxidation. Todorokite and synthetic buserite are
both destabilized by the presence of substantial Mn2+
ions in the structures, which are vulnerable to oxidation.
Thus, Mn2+-todorokites are oxidized to vernadite
(Chukhrov et al., 1978, 1979), while synthetic buserites
are oxidized (accompanied by dehydration) to birnes-
sites. However, replacement of Mn2* by Mg2* , Zn2* ,
Ni2*, and Cu2*, which are not susceptible to oxidation,
stabilize both todorokite and buserite.

Although detailed crystal structure refinements of
these cryptocrystalline manganese oxides are urgently
required to establish the precise similarities and differ-
ences between todorokites and buserites, it is apparent
that currently available evidence demonstrates that they
are distinct phases.

Conclusions and recommendations

Critical examination of the published literature on
todorokites and buserites leads to the following conclu-
slons.

(1) Naturally occurring todorokites and synthetic bu-
serites are crystallographically distinct phases.

(2) Stability relationships linking the mineral todorokite
to synthetic buserite and its suggested break down prod-
ucts birnessite and TMnOOH were deduced from phases
prepared and degraded in the laboratory under conditions
not encountered in geochemical processes.

(3) The validity of todorokite as a distinct mineral group
has been demonstrated and a family of todorokite struc-
ture-types exists possessing multi-dimensional tunnels
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Fig. 3. Schematic intergrowth of [3x3] and [3x5] tunnels in
todorokite. (a) a (010) projection viewed down the tunnels. (b) a
(001) projection showing locations of Mna* cations in the
"ceilings" of the tunnels. Some sporadic Mn4* vacancies are
shown to exist within the "ceilings" on the right of the diagram.

higher (Turner and Beseck, 1982) tend towards the [3 x o]

Iayered stmcture postulated (Turner and Buseck, 1981)
for buserite. Their predominance would provide grounds
for expecting a buserite-like phase to occur naturally in
marine manganese oxide deposits.

An important factor to be considered in the "ceilings"
of the todorokite tunnels are cation vacancies within the
bands of edge-shared [Mnlvou] octahedra which proba-
bly become more prevalent the wider the "ceiling"
dimension. As noted earlier, Mna' cation vacancies are
essential features of chalcophanite (Wadsley, 1955), as
wel l  as numerous d ivalent  cat ion (R2*)-bear ing
R2+2Mn3Os phases (e.g., Ostwald and Wampetich, 1967;
Riou and Lecerf, 1975, 1977) and possibly synthetic
birnessite (Giovanoli et al.,1970a). In these phylloman-
ganates, the Mna* vacancies in sheets of edge-shared
octahedra dictate their crystal chemistries because diva-
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+

+

a a
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symbolized by T(3,n), where n, the dimension of the
"ceilings," is most commonly 3 (triple chains of edge-
shared [MnO6] octahedra). However, n may range from 2
to 7 or higher. With this terminology, n + @ may
represent the buserite group.

(4) Todorokite, not " l0A-manganite" or buserite, is the
abundant Mn(IV) oxide l0A phase occurring in mangani-
ferous concretions and crusts including seafloor ferro-
manganese nodule deposits.
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Note Added

Two recent publications support the conclusions
reached in this paper. First, todorokite is now acknowl-
edged by Perseil and Giovanoli fl982) to have several
features in common with the l0A phase in marine manga-
nese nodules. This finding originates from XRD, TEM,
SEM and EMP measurements of todorokite from the
eastern Pyrenees. Second, further evidence for the tunnel
structure of todorokite is described by Arrhenius and Tsai
(1981), who suggest that todorokite forms diagenetically
from buserite in marine manganiferous deposits.
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