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INTRODUCTION

Within the large and comprehensive group of oxide minerals (class 4 in the Strunz
classification; Strunz and Nickel 2001), the most relevant subgroup in the frame of microporous
materials is that of the so-called “tunnel oxides.” This rather generic term historically refers to
a number of minerals which, from a chemical point of view, are (mainly) manganese oxides.
In nature manganese occurs in three different oxidation states—Mn?*, Mn*" and Mn*—with
the latter being the dominant form in tunnel oxides. Tetravalent manganese typically has
octahedral coordination, and using only [Mn*'Og¢] building modules linked together via
corner- and edge-sharing it is feasible to construct many framework structures. Besides, a set
of titanate minerals display the same feature, as might be expected due to the similar crystal-
chemical behaviour of Mn*" and Ti*" cations. Therefore, this note is devoted to describing the
structural principles and arrangements of minerals—and a number of synthetic compounds as
well—in which the dominant cations are Mn*" and Ti*".

Starting from the basic formula of manganese dioxide, Mn*'O,, incorporation of mono-
and divalent cations (primarily alkali and alkali earths) within the tunnels of the structures, can
be accommodated by partial reduction of manganese. Until recently, there was a considerable
uncertainty and lively debate (e.g., Burns et al. 1983; Burns et al. 1985; Giovanoli 1985)
concerning the valence of the reduced species and whether Mn?* or Min3* was present. It is now
commonly accepted on the basis of several high-quality structural studies that Mn®* replaces
Mn*. In titaniferous phases, charge balance accompanying the inclusion of tunnel cations is
not adjusted by reduction to Ti**, but through incorporation of Fe3*, V3* or Cr3* substituting for
Ti**. The generic substitutions can be summarized in the generic formula:

A+x(M3+xM4+1—x)Oz or A2+x(M3+2xM4+1—2x)02

where A=Na*, K*, Rb*, Mg?*, Ba?', Pb>"; M3>*=Mn, Fe, V, Cr, Al; and M*"=Mn or Ti. Water
molecules can also enter the tunnels.

BASIC STRUCTURAL FEATURES

In all these compounds [Mn*'Og] or [Ti*'O4] octahedra are arranged in edge-sharing
columns, which in turn link together, again by edge-sharing, to construct ribbons, with widths
potentially ranging from 1 to o. Cross-linking by corner-sharing of columns or ribbons in near
perpendicular directions, gives rise to a number of different tunnel structures that may be square
or rectangular, depending on the dimensions of the ribbons. The ideal topological symmetry
of the frameworks is either tetragonal (for structures with the same dimensionality in the two
directions, e.g., 1 x1,2x2,...) or orthorhombic. In most cases the real symmetry is lower, the
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deviation arising from minor distortions of the framework and/or ordered distributions of
cations. In a number of examples substitution of M** by trivalent (or even divalent) cations can
be balanced by the insertion of large mono- or divalent cations within the tunnels. Typically, the
unit cell axis along the direction in which the octahedral columns or ribbons run is 2.8-2.9 A,
corresponding to a single octahedron repeat. Clearly, the two unit cell parameters in the
orthogonal plane depend on the width of the ribbons. What follows is a short outline of all
the known tunnel structure-types belonging to this group in order of increasing complexity.
Throughout the paper we will speak of “tunnels” to conform to the historical naming of those
structures and the long-time custom, although we are aware that, according to the I[UPAC
recommendation, it should be more correct to denote them as “channels” (McCusker 2005).

1x1 tunnels

The basic 1 x 1 structure is adopted by the simplest and most common form of manganese
dioxide, B-MnO, or pyrolusite. This mineral (tetragonal, P4,/mnm, a=4.3983, c=2.87304A;
Baur 1976) is isostructural with rutile, the commonest polymorph of TiO,. Many other M*O,
compounds isostructural with pyrolusite and rutile are known, including cassiterite (M =Sn*"),
plattnerite (M=Pb*") and argutite (M=Ge*"), as well as stishovite, the high pressure
polymorph of silica. According to De Wolff (1959), another form of pyrolusite exists—it has
orthorhombic symmetry and is thought to be an alteration product of manganite, y-MnO(OH).
Rietveld refinement of orthorhombic pyrolusite has been completed (Yoshino et al. 1992,
1993) and showed that Mn** is partially substituted by Mn3* (with charge compensation by
H") in keeping with the general formula Mn*";_Mn*',0,_(OH),. According to Kikuchi et al.
(1994) only pure pyrolusite (x=0 in the above chemical formula) has tetragonal symmetry,
with the following unit cell parameters derived by means of lattice energy calculations:
a=4.4424, c=2.8359 A (tetragonal, x=0); a=4.4609, b=4.6113, c=2.7461 A (orthorhombic,
x=0.1). The pure Mn*"end member (x=1) is manganite stricto sensu, y-MnO(OH), whose
crystal structure has been studied by Dachs (1963). In pyrolusite and related phases the
channels of the 1 x 1 framework are too small for incorporation of large cations.

1x2 tunnels

The crystal structure of ramsdellite was first determined by Bystrom (1949) as
orthorhombic, space group Pbnm, a=4.533, b=9.27, c=2.866 A. More recently, refinements
of natural (Miura et al. 1990) and synthetic y-MnO, (Fong et al. 1994) were presented that
confirmed the essential features of the earlier work.

The hydroxide form of ramsdellite in which Mn*" — Mn**+H" is groutite, Mn**O(OH),
which corresponds to synthetic o-MnO(OH), and initially reported to be isostructural with
ramsdellite (Dent Glasser and Ingram 1968). Lately, the structural relationship between
ramsdellite and groutite has been examined in detail by Post et al. (2001), who discovered
that most natural ramsdellites contain domains of a second isostructural phase with larger cell
parameters, intermediate between those of ramsdellite and groutite. The intermediate phase,
called “groutellite,” has a longer <Mn—O> distance and increased Jahn-Teller distortion than
pure ramsdellite, indicating a partial substitution of Mn*" by Mn**. The crystal structure of
“groutellite” has been refined by Post and Heaney (2004).

1x3 tunnels

Presently, no 1 x 3 tunnel oxide has been reported among minerals or synthetic compounds
although unit cell scale occurrences are known in nsutite. This mineral which is polymorphic
with synthetic y-MnO, was defined as a new mineral species by Zwicker et al. (1962) and is
named after the type locality (Nsuta, Ghana). Comprehensive high resolution transmission
electron microscopy (HRTEM) of nsutite from the type locality and Piedras Negras, Mexico
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(Turner and Buseck 1983) revealed at both occurrences a fine-scale intergrowth of domains
of pyrolusite and ramsdellite, or more complex and faulted sequences. As such, maybe nsutite
should not deserve the status of mineral, although it is still considered a valid species (Gaines
etal. 1997). In the HRTEM image (Fig. 1) 1 x 3 cavities alternate with 1 x 2 cavities giving rise
to a complex superstructure, in a narrow (ca. 100 A wide) domain. So, while 1 x 3 cavities may
be formed, it could not be energetically favorable for them to exist as extended structures. In
this respect, however, it is worth noting that the relative stability of the various polymorphs of
manganese dioxide seems little affected by their “openness” (Fritsch et al. 1997).

Figure 1. On the left side, HRTEM photo of nsutite from Piedra Negras, Mexico, showing a regular
alternation of 1x2 and 1 x3 tunnels. The structural arrangement of ribbons in the region within the B box
is sketched on the right side [Used by permission of Nature Publishing Group, from Turner and Buseck
(1983), Nature, Vol. 304, Fig. 2, p. 144].

2 X2 tunnels

The 2x2 tunnel structure is most common, being displayed in several minerals and
synthetic compounds. The best known example is hollandite which can be represented by the
simplified formula BaMn*'¢(Mn**,(0,0H),, although wide compositional variability has been
reported involving substitutions of Mn** by Fe3* or AI3*. The crystal structure corresponds to
the o-MnO, type and was solved by Bystrom and Bystrom (1950, 1951) from Weissenberg
films. While the original description was made in the /4/m space group, i.e., assuming the ideal
topological symmetry, a more precise refinement (Post et al. 1982) showed the true structure to
be monoclinic I2/m, with a=10.026, b=2.8782, c=9.729 A, p=91.03°.

Cryptomelane is analogous to hollandite, the difference lying only in the A cation
where potassium replaces barium. Its structure has been refined by Post et al. (1982) in the
I2/m space group with a=9.956, b=2.8705, ¢c=9.706 A, B=90.95°. A monoclinic-tetragonal
transformation of cryptomelane at high temperature has been observed by Kudo et al. (1990).
Moreover, Vicat et al. (1986) refined, at room temperature, the structure of a synthetic
cryptomelane in the tetragonal space group /4/m, with a=9.866, c=2.872 A.

Coronadite is the plumbous analogue of hollandite and cryptomelane with its crystal
structure refined (Post and Bish 1989) using two different samples (from Bou Tazzoult,
Morocco and from Broken Hill, Australia) in the space group 12/m, with a=9.938, b=2.8678,
¢=9.834 A, B=90.39° (unit cell from the Moroccan sample).

Among titanium oxides, priderite displays the 2x2 topology. The simplified chemical
formula of priderite is (K,Ba),_(Ti*",Fe*")30,s. However, in this case the symmetry is
tetragonal rather than monoclinic as proven by two independent and near simultaneous studies
(Sinclair and McLaughlin 1982; Post et al. 1982), the latter authors determination pointing
to I4/m, a=10.139, c=2.9664 A. Priderite with octahedral Fe*" in place of Fe’" has been
synthesized at high pressure and is thought to occur in the mantle (Foley et al. 1994)
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The crystal structures of four other titanate minerals belonging to the 2x2 family
are reported. The crystal structure of mannardite, ideally BaTisV,0;4H,0, was solved by
Szymanski (1986) (I4,/a, with a=14.357, ¢c=5.908 A), and although topologically identical
to hollandite, has been described in a larger cell, with ¢ parameter multiplied by 2 and «
parameter multiplied by \2 presumably as a result of intertunnel ordering of barium. A
similar behavior was also recorded on a sample of mannardite from Kyrgyzstan, which gave
a quintuple ¢ parameter (¢=10.071, c=14.810 A; Bolotina et al. 1992). In the closely related
mineral ankangite, a supercell with a ¢ parameter 14 times as large as the subcell was reported
(Wu and Li 1990; Shi et al. 1991). The crystal structure of redledgeite BaTisCr,0,4H,0 was
solved by Gatehouse et al. (1986) in the monoclinic space group /2/m, and then redetermined
by Foley et al. (1997) in the tetragonal space group /4/m (with a=10.150, c=2.9520A). The
latter authors also proposed a plausible occupancy model for Ba cations within the tunnels,
in which Ba-Ba distances shorter than 4.1 A were avoided. According to the proposed model,
the general chemical formula of redledgeite can be written Ba(M?3*,, Ti*"g »,)O4, where
x<1.33. Henrymeyerite is a Ba-Fe titanate with ideal chemical formula BaFe>'Ti;O,¢ found
in the Kovdor complex, Kola peninsula, Russia (Mitchell et al. 2000). Henrymeyerite, a rare
example where the tetravalent framework cation is replaced by a divalent species, is tetragonal
(I4/m, a=10.219, c=2.963 A). A phase with the same composition was also synthesized.

The structural distortion which lowers the symmetry from tetragonal to monoclinic in
hollandite-type minerals has been discussed by Post et al. (1982) and Zhang and Burnham
(1994), who studied the dependence of the symmetry on the radii of A (tunnel) and B
(octahedral) cations.

A number of other minerals have been described, whose structures remain unknown, but
which are likely to have the same 2 x2 topology. Manjiroite is the sodium-rich analogue of
hollandite with formula (Na,K)(Mn*",Mn?")30,¢, and with unit cell parameters refined in the
tetragonal space group /4/m to a=9.916, c=2.864 A (Nambu and Tanida 1967). Like priderite,
it is possible that manjiroite may display the ideal topological symmetry. On the other hand
strontiomelane, the Sr-dominant analogue of cryptomelane, has the ideal chemical formula
StMn*'¢Mn3",0,4 and P2,/n symmetry, which is a subgroup of 12/m, the space group of the
majority of the hollandite-group minerals. The lowering of symmetry in strontiomelane is
related to the doubling of the b axis (unit cell: a=10.00, b=5.758, c=9.88 A, p=90.64°;
Meisser et al. 1999).

A lead titanate analogue of coronadite has yet to be found, although plumbous
henrymeyerite was recently described from the Murun alkaline complex, Yakutia, Russia
(Reguir et al. 2003). In that sample, Pb reaches 0.45 apfu although not enough to be considered
a new mineral species. Another feature of henrymeyerite from this latter occurrence, besides
the solid-solution between Ba and Pb end members, is that iron is mainly in its trivalent state
and its chemical formula may be best described as (Ba,Pb)(Fe*,Tig)O,¢. Moreover, Reguir et
al. (2003) also synthesized the ideal Pb end member with composition Pb(Fe’*,Tig)O,¢, and
a number of intermediate compounds. For one of them, with composition (Bay ssPbgs1)s1.00
(Ti,Fe)3Oy6 a Rietveld refinement was also carried out.

Thus, the 2x2 tunnel structure allows considerable flexibility in chemical composition,
as a result not only of tunnel cation exchange, but also of octahedral framework replacements.
Indeed, besides the manganate and titanate minerals, many synthetic compounds are known
to assume this framework topology. In early work, Bayer and Hoffman (1966) synthesized
several compounds with the general formulae A,(Ti**¢M**,)O;s (where A=K, Rb and
M3*=Al, Ti, Cr, Fe, Ga), or Ay(Ti*';M?>")O,¢ (where A=K, Rb and M**=Mg, Co, Ni, Cu, Zn).
A compound with ideal chemical formula BaAl,TigO 4 was studied by Sinclair et al. (1980).
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High pressure transformations ofanumber of alkali aluminosilicate and aluminogermanates
(KAISi;04, KAIGe;0g, NaAlGe;0g, RbA1Ge;0g) which assume the hollandite structure have
been discussed by Ringwood et al (1967b). Moreover, Ringwood et al (1967a) described in
detail a high-pressure (9 GPa) hollandite-type modification of K-feldspar (KAI1Si;Og) with
octahedrally coordinated Si**. This represented, at that time, the second known occurrence of
a compound with [¥ISi after stishovite. The crystal structure of high-pressure KAl1Si;Og was
refined by powder XRD (Yamada et al. 1984) and single-crystal methods (Zhang et al. 1993).
Since then, other very high pressure aluminosilicate phases were reported with the hollandite-
type structure, e.g., (CaysMgg5)Al,Si,054 at 50 GPa (Madon et al. 1989), or PbgsAl, ¢Si, 405 at
16.5 GPa (Downs et al. 1995).

2 X3 tunnels

Romanechite, Ba(Mn*",Mn*");0,,H,0, has been known since the earliest days of
mineralogy and it is often referred to as psilomelane. The latter name is now discredited, being
used for any poorly defined hard black manganese oxides. The crystal structure of romanechite
was solved by Wadsley (1953) and re-determined by Turner and Post (1988). Romanechite is
monoclinic, C2/m, a=13.929, b=2.8459, c=9.678 A, p=92.39°. Structurally, it is a manganese
oxide with 2x3 tunnels. Tunnels are occupied by barium cations and water molecules; the latter
take part in the coordination polyhedra of barium, completed by oxygen atoms belonging to the
walls of the tunnel. Turner and Post (1988) also refined a superstructure of romanechite, having
a triple b axis, as a result of ordering of Ba and H,O along the tunnel length; 3 (and, besides,
2a) multiples were already detected by Chukhrov et al. (1983) by electron diffraction, and were
ascribed to the same phenomenon, although this not supported by HRTEM.

A HRTEM study carried out by Turner and Buseck (1979) on samples from Rattlesnake
mine, Socorro Co., New Mexico, USA showed the conspicuous occurrence of romanechite-
hollandite intergrowths; besides, some unusual insulated tunnels (2x4 and 2x7) were also
observed. Recently, a compound structurally related to romanechite with Na+H,O within the
2 x 3 tunnels has been synthesized by Shen et al. (2004).

2x4 and 2 X5 tunnels

Even larger tunnels have been observed outside the mineral kingdom. 2 x4 tunnels were
found in compounds with ideal formula close to Rbg,s(Mn*" ,Mn*")O, (Rziha et al. 1996) and
Nay 33(Mn*" ,Mn*)0,xH,0 (Xia et al. 2001; Liu and Ooi 2003). Another synthetic compound
with composition Rby,;(Mn*" Mn*")0, is based upon 2x5 tunnels (Tamada and Yamamoto
1986). This suggests that the dimensions of the tunnels are related to the extent of the
substitution Mn** — Mn*"+ A" and that the ionic radius of the A* cation can play some role in
the formation of large tunnels. It is reasonable to expect that more complex tunnel structures
can be tailored in controlled chemical environments.

33 tunnels

The first insight that todorokite displays a tunnel structure based on a new kind of net,
3x3 octahedra wide, was gained through electron microscopy. Turner and Buseck (1981)
proposed this new structural model for todorokite, today well accepted, by means of a careful
HRTEM study carried out on samples from Chargo Redondo (Cuba) and Bombay (India).
Besides unravelling the basic structural features of the mineral, that study also revealed that at
the atomic scale, tunnels with different dimensions may be intergrown. In particular, locally,
3x4,3x%x5,3x%x6, and 3 x7 tunnels were observed. Normally, such tunnels are isolated within
dominant 3 x 3 tunnels, with few exceptions (for instance, a sequence of three 3 x4 tunnels is
shown). Faulted sequences develop along only one direction: in todorokite, the walls along
the other direction are invariably 3 octahedra wide. Chukhrov et al. (1980, 1985) also recorded
a number of selected area electron diffraction patterns in todorokites from Bakal (Russia),
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Sterling Hill (USA) and Takhta-Karacha (Central Asia) that were interpreted as arising from
the occurrence of 3 x9 wide tunnels. Although this hypothesis is supported by SAED, rather
than high resolution lattice imaging, it is strong evidence of substantial inhomogeneity at
the unit cell scale. A typical feature of todorokite, revealed by both optical and electron
microscopy, was the occurrence of trilling (three twin individuals at 120°) a feature also
observed in a synthetic compound with the same topology as todorokite (Golden et al. 1986).
Finally, the crystal structure of todorokite was solved by Post and Bish (1988) by powder XRD
since the mineral typically occurs as fine-grained crystals. A more precise Rietveld refinement
using synchrotron radiation was presented recently (Post et al. 2003b).

3 x4 tunnels

The prototype woodruffite occurs at Sterling Hill, NJ, USA (Frondel 1953) and was earlier
considered as a Zn-rich variety of todorokite. At the type locality, woodruffite invariably
occurs as fine-grained masses, which are unsuitable for single-crystal XRD analysis. Another
occurrence (Mapimi, Durango, Mexico) gave tiny, needle-like crystals that proved suitable
for investigation using a high intensity synchrotron X-ray source (Post et al. 2003a) that lead
to a structure solution which confirmed an opening of 3 x4 octahedral units, the largest so far
described in either natural or synthetic systems.

A comprehensive list of known natural and synthetic tunnel oxides, including the basic
chemical formula and the unit cell parameters, is reported in Table 1.

STRUCTURAL DETAILS
Octahedral distortion

By considering the complete set of structural data for the tunnel oxides, some recurring
features concerning octahedral distortion can be rationalised. For testing purposes, only good-
quality structural data for each type of tunnel structure were selected, and the octahedral
distortion in each independent octahedron was calculated using the well-known equation
A=1/6 Z[(Ri—R)/R]?, where R; is an individual M—O bond length and R is the average bond
length in each octahedron. The results are presented in Table 2.

Overall, it can be seen that octahedral distortion is related to increasing structural com-
plexity, the lowest distortion occurring in the 1 x 1 structure and increasing for larger tunnels.
In pyrolusite, the [MnOg] octahedron shows moderate distortion, with four equatorial Mn-O
bonds slightly shorter (by 0.015 A on average) than two apical Mn—-O bonds. In ramsdellite,
with a 1x2 tunnel, Mn—O distances are in the range 1.81—-1.97 A and octahedral distortion is
greater than in pyrolusite. Such a trend is confirmed by the structures with larger tunnels.

The relationship between the dimensions of the tunnels and the degree of distortion
can be related to the greater extent, in structures with large tunnels, of the substitution
VIM*#* =VIM3*+ A" (or VIM* =2VIM3* + A%"). The distortion is more evident when the dominant
trivalent cation is Mn**, which is known to display Jahn-Teller effects. In addition, in tunnel
oxides with a square outline (e.g., 2x2, 3 x3) distortion is less pronounced than expected. It
is also noted that in cases of wide ribbons, the distortion is most evident in external octahedra
due to the tendency for trivalent cations to concentrate in those sites.

Extra-framework positions

The capacity of the tunnel oxides to incorporate larger cations is obviously related to
channel dimension, and consequently the 1x 1 tunnel structures (pyrolusite- and rutile-type)
circumscribe an interstitial that is too small to accommodate a cation. Similarly, the 1 x2 the
tunnels do not show significant cation incorporation, although Potter and Rossman (1979)
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Table 1. A selection of unit cell parameters for tunnel oxide compounds.
Name and chemical formula S.G. Unit cell Ref.
1x1
Synthetic a-MnO, P4,/mnm a4.3983,c2.8730 A [1]
Synthetic TiO, Pdo/mnm a4.593,¢2.959 A [2]
Synthetic GeO, P4,/mnm a4.3975,¢2.8625 A [3]
Synthetic PbO, Péo/mnm a4.9578, ¢ 33878 A [4]
Cassiterite, SnO, P4,/mnm a4.737,¢3.185 A [5]
Stishovite, SiO, P4y/mnm @ 4.1790, ¢ 2.6649 A [3]
1x2
Ramsdellite, MnO, Phbnm a4.533,09.27, ¢ 2.866 A [6]
Synthetic y-MnO, Pnam a9.3229, b 4.4533, ¢ 2.8482 A [7]
Groutite, MnO(OH) Pbnm a4.560, b 10.700, ¢ 2.870 A (8]
Goethite, FeO(OH) Pbnm a4.62,09.95,¢3.01 A [9]
Diaspore, AIO(OH) Pbnm a4.4007, b 9.4253, ¢ 2.8452 A [10]
2x2
Hollandite, Ba(Mn*",Mn>")O 4/m @9.96,¢2.86 A [11]
Hollandite, Ba(Mn**,Mn?**,Fe**)(0,0H),¢ 2/m a10.026, 5 2.878,¢9.729 A, B 91.03° [12]
Cryptomelane, K(Mn*",Mn>*)O, /m a9.79,52.88, ¢ 9.94 A, B 90.62° [13]
Cryptomelane, K(Mn*",Mn3*,)(0,0H), R/m @ 9.956, b 2.870, ¢ 9.706 A, B 90.95° [12]
Coronadite, Pb(Mn**, V3O, Rim @9.938, b 2.868, ¢ 9.834 A, B 90.39° [14]
Priderite, K(Ti,Fe*)O,¢ 4/m a10.139, ¢ 2.966 A [12]
Akaganéite, FeO(OH) R/m 10587, 53.031, ¢ 10.515 A, B 90.03° [15]
Manjiroite, (Na,K)(Mn*", Mn*")40 4/m a9.916, ¢ 2.864 A [16]
Strontiomelane, StMn*{Mn*,0,¢ P2,/n @ 10.00, b 5.758, ¢ 9.88 A, B 90.64° [17]
Ankangite, Ba(Ti,V)sO,6 4/m a10.139, ¢ 2.961 A [18]
Mannardite, BaTisV,0,,H,O I4//a a 14.357,¢5.908 A [19]
Mannardite, Ba(Ti,V,Cr)s(0,0H) 4 4/m a10.071, ¢ 14.810 A [20]
Redledgeite, BaTisCr,0,4H,0 2/m a10.129, 5 2.95, ¢ 10.135 A, B 90.05° [21]
Redledgeite, BaTig(Cr,Fe,V),0,6 4/m a10.1500, ¢ 2.9520 A [22]
Henrymeyerite, BaFe?*Ti;O,¢ 14/m a10.219,¢2.963 A [23]
Synthetic (Bag ssPbo s1)(Ti,Fe*)s01 4/m a10.1124,¢2.9714 A [24]
Synthetic Ba(Ti,ALNi)sO, 4/m a10.039, ¢ 2.943 A [25]
Synthetic KAISi;Oq 4/m a9.38,¢2.74 A [26]
Synthetic KAISi;O0g 14/m a9.315,¢2.723 A [27]
Synthetic KAISi;Oq (at 4.47 Gpa) IA/m a9.237,¢2.706 A [27]
Synthetic (CagsMgy s)ALSi,Og Rim @9.384, b 8.148, ¢ 9.258 A, B 90.47° [28]
Synthetic PbysAl, ¢Si> 405 HA/m a9.414, ¢ 2.750 A [29]
2x3
Romanechite, Ba(Mn*",Mn3*);0,y-H,O C2/m @ 13.929, b 2.8459, ¢ 9.678 A, B 92.39° [30]
2x4
Synthetic Rby,s(Mn**,Mn*")0, C2/m a14.191,52.851, ¢ 24.343 A, B 91.29° [31]
Synthetic Nag 33(Mn*,Mn*)0,xH,0 C2/m a 14434, 5 2.849, ¢ 23.976 A, P 98.18° [32]
2x5
Synthetic Rby.(Mn**,Mn**)0, A2/m a15.04, b 2.886, c 14.64 A, p 92.4° [33]
3x3
Todorokite, (Na,Ca)(Mn**,Mg)sO 1 5H,0 P2/m @9.769, b 2.8512, ¢ 9.560 A, P 94.47° [34]
3x4
Woodruffite, Zn, ,(Mn*",Mn*")-0.7H,0 C2/m @24.810, b 2.8503, ¢ 9.581 A, B 93.845° [35]

References: [1] Baur 1976; [2] Meagher and Lager 1979; [3] Baur and Khan 1971; [4] D’ Antonio and Santoro 1980; [S] Baur
1956; [6] Bystrom 1949; [7] Fong et al. 1994; [8] Dent Glasser and Ingram 1968; [9] Hoppe 1941; [10] Hill 1979; [11] Bystrom
and Bystrom 1950; [12] Post et al. 1982; [13] Mathieson and Wadsley 1950; [14] Post and Bish 1989; [15] Post et al. 2003c;
[16] Nambu and Tanida 1967; [17] Meisser et al. 1999; [18] Shi et al. 1991; [19] Szymanski 1986; [20] Bolotina et al. 1992; [21]
Gatehouse et al. 1986; [22] Foley et al. 1997; [23] Mitchell et al. 2000; [24] Reguir et al. 2003; [25] Sinclair et al. 1980; [26]
Ringwood et al. 1967a; [27] Zhang et al. 1993; [28] Madon et al. 1989; [29] Downs et al. 1995; [30] Turner and Post 1988; [31]

Rziha et al. 1996; [32] Xia et al. 2001; [33] Tamada and Yamamoto 1986; [34] Post et al. 2003b; [35] Post et al. 2003a
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Table 2. Octahedral distortion index A (= 1/6 Z[(R—R)/R]?), computed for all independent
octahedra in the given type tunnel structures. In column 2, the number between square brackets
refers to the number of equivalent octahedra of the same kind within each ribbon.

Structure type Octahedron A (x 10%) Ref-
1 x 1 pyrolusite M1 0.022 [1
1 x2 ramsdellite M1 [x2] 0.716 [2]
2 x2 priderite M1 [x2] 0.228 [3]
2 x 3 romanechite M1 (central in the 3-ribbon) 0.012 [4]
M2 (external in the 3-ribbon) [x2] 1.520
M3 (2-ribbon) [x2] 0.198
2 x4 RUB-7 (synth.) M1 (external in the 4-ribbon) 6.531 [5]
M2 (internal in the 4-ribbon) 1.547
M3 (internal in the 4-ribbon) 1.627
M4 (external in the 4-ribbon) 5.522
MS5 (2-ribbon) 3.434
M6 (2-ribbon) 1.379
2x5 Rbg»;Mn0O, (synth.) M1 (central in the 5-ribbon) 0.012 [6]
M2 (mid-position in the 5-ribbon) [x2] 0.840
M3 (external in the 5-ribbon) [x2] 8.451
M4 (2-ribbon) [x2] 0.459
3 x 3 todorokite M1 (central in the 3-ribbon) 0.010 [7]
M3 (central in the 3-ribbon) 0.388
M2 (external in the 3-ribbon) [x2] 0.539
M4 (external in the 3-ribbon) [x2] 0.237
3 x4 woodruffite M1 (internal in the 4-ribbon) [x2] 0.184 [8]
M2 (external in the 4-ribbon) [x2] 5.294
M3 (external in the 3-ribbon) [x2] 0.849
M4 (central in the 3-ribbon) 0.030

References: [1] Baur 1976; [2] Fong et al. 1994; [3] Sinclair and McLaughlin 1982; [4] Turner and Post 1988; [5] Rziha et
al. 1996; [6] Tamada and Yamamoto 1986; [7] Post et al. 2003b; [8] Post et al. 2003a

using IR spectroscopy suggest the constant occurrence of minor water in ramsdellite, which
should be concentrated in a well-defined crystallographic site within the tunnel.

In the ideal 2 x2 tunnel structure, the basic tunnel site is the inversion center at (0,0, 0)
and a cation placed in this position is coordinated by 4+4 oxygen atoms, four placed at z="5,
four at z=—Y , with A-O distances in the range 2.8-3.0 A, in the disposition of a distorted
tetragonal prism. Moreover, four additional oxygens at distances of ca. 3.5 A, and at the same
z level as the tunnel cation, can be considered as non-coordinating capping anions, one for
each of the four vertical faces of the prism (Fig. 2). In several compounds, however, the tunnel
cation (K*, Na*, Ba?*, Pb?"), is displaced away from the central position. This depends on
the high “rigidity” of the cavities, in which the two square planes are forced to be separated
by a c translation. Therefore, each tunnel cation, as a function of its ionic radius and of the
local geometry of the octahedral framework, may shift closer to either of the two bases of
the prism, and possibly may complete its coordination with some of the capping anions. In
the case of Pb?* this is favored by the occurrence of a lone pair of electrons. Another reason
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Figure 2. Two perspective views of the tunnel sites in the idealized structure of hollandite-type compound
(2 x2 tunnels). The tunnel cation is ideally coordinated by 8+4 oxygens (tetracapped tetragonal prism).

for the displacement of the cations from the (0,0, 0) position is related to the implausibility
of placing neighboring tunnel cations on consecutive sites along the ¢ axis, which is shorter
than 3 A. This, in some cases, results in several, partly occupied, cation sites along the tunnel
axis, which can be described as an incommensurate stacking of tunnel cations with respect to
the basic ¢ parameter, or alternatively, as superstructures having multiple ¢ parameters. Some
examples have been mentioned above.

Structures with larger tunnels can incorporate rather more complex sets of cations and/or
water molecules. For instance, in romanechite (2x3) the tunnels host two equivalent, 1X-
coordinated, cation sites, which are occupied by barium. In todorokite (3 x 3), the tunnels host
three independent water molecules, linked by hydrogen bonds between each other and with
the oxygen of the octahedral framework. Moreover, a Mg?" cation is placed in the very center
of the tunnel, and is octahedrally coordinated by 6 oxygens belonging to the water molecules.
In woodruffite (3 x4), the tunnels contain four independent water molecules connected to
each other and framework oxygens through hydrogen bonding. Moreover, a Zn?* cation is
coordinated by 4 oxygens belonging to the water molecules to form a distorted tetrahedron. In
synthetic 2 x4 and 2 x 5 compounds, the large cavities are filled by Rb* cations distributed over
four partially occupied independent sites and variably coordinated by 8 to 10 oxygen atoms.

Besides pyrolusite, 1x1 tunnels also occur in all structures with larger tunnels where
ribbons cross. Some examples of partially occupied 1x 1 tunnels have been reported for a Li-
bearing todorokite (Duncan et al. 1998) and for woodruffite (Post et al. 2003a). In the latter
case, a small Zn occupancy within the 1 x 1 tunnels is tentatively coupled with a corresponding
cation deficiency in the neighbor octahedral sites.

POLYSOMATIC RELATIONSHIPS AMONG COMPOUNDS
WITHIN THE PYROLUSITE-“BUSERITE” FAMILY

For these tunnel structures a polysomatic family can be described, that is referred to as the
“pyrolusite-‘buserite’ family,” as these structures display the smallest and the largest tunnels so
far reported. This family was already sketched by Veblen (1991), who proposed a nomenclature
similar to that used for biopyriboles, using P (for pyrolusite) and B (for birnessite). However,
unlike biopyriboles, different stacking of P and B can occur along two directions, therefore
the symbol for denoting any member of the family becomes quite long in cases of complex
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sequences. For instance, the largest tunnel structure so far described, woodruffite, should
have the symbol (PBB) x (PBBB). It is more convenient to denote these structures simply by
the numeric symbol which defined the openness of the tunnels, which is self-explanatory. In
general, it will be a symbol of the kind M x N, with both M and N potentially ranging between
1 and oo, being M < N (this is purely formal, since of course the structures, e.g., 2x3 and
3x2 are topologically identical between each other, and should not be considered twice).
To date, several polysomes have been reported. These have been collected in Table 3, where
equidimensional ribbons along the two orthogonal directions are put in the same rows and
columns. The values given in Table 3 for each polysome are indicative of the dimensions
of a single M xN tunnel, and have been extrapolated from the rough unit cell parameters by
subtracting the thickness of the ribbons (octahedral walls). This aims at showing the internal
consistency in the lengths and widths of tunnels with the same dimensionality, including the
open tunnel of the last column, and the soundness of the polysomatic approach. A schematic
drawing of the various tunnel structures is reported in Figure 3.

Table 3. Estimated dimensions of tunnels (in A) in selected members
of the pyrolusite-“buserite” polysomatic family.

1x1 1x00
pyrolusite [...] [...] [...] [...] [...] lithiophorite
22 x22 2.3
2x2 2x3 2x4 2x5 2 %00
hollandite romanechite RUB-7 Rby,7MnO, birnessite
4.7 x4.7 4.7%x 7.3 4.7 x9.8 49 x 12.5 4.7
3x3 3x4 3x00
todorokite woodruffite [...] .. ‘buserite’
73%x7.3 7.2%x9.9 7.4

Polysomes with infinite ribbons

In the last column of Table 3 some additional minerals have been included that correspond
to those M x N polysomes in which N=oo, although these structures, being formed by infinite
ribbons (or in other words by octahedral layers) do not have closed tunnels. So far, 1xo
(lithiophorite), 2 x oo (birnessite), and 3 x o (‘buserite’) polysomes are known to occur. The
idealized chemical formula of lithiophorite may be written as (LiAl,)(Mn*",Mn*")O4(OH)g; its
crystal structure, which was determined by Wadsley (1952) and then refined by Pauling and
Kamb (1982) and by Post and Appleman (1994), consist of regularly alternating (LiAl,) and
(Mn*,Mn*") octahedral layers linked by hydrogen bonds. The distance between neighboring
layers is ca. 4.7 A. Birnessite, a manganese oxide mineral originally described from Scotland
with formula (Na,Ca)Mn,0,4,2.8H,0 (Jones and Milne 1956), is poorly characterized due
to its small crystal dimensions and disordered nature. However, synthetic birnessite is
amenable to crystal structure solution (Post and Veblen 1990) and has been determined to
be a phyllomanganate in which Mn*'-centered octahedral layers are interleaved with cations
(Na, Ca, Mg) and water molecules, with charge balance achieved by Mn**-Mn>" substitution.
The distance between neighbor layers is ca. 7.1 A. “Buserite” is not a valid mineral species,
although the name has been extensively used in reference to a disordered phyllomanganate
with a dominant 10A distance between octahedral layers. Such compounds have been
synthesized (Kuma et al. 1994) in which the interlayer cations are Na*, Mg?*, Ca?*. Typically,
“buserite” is obtained as intermediate product during the synthesis of birnessite (e.g., Post
1999; Feng et al. 2004).
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(d) (e) (f) (9)

Figure 3. Tunnel structures: (a) woodruffite, 3 x4; (b) Rb, ,;MnO, (synthetic), 2 x 5; (¢) RUB-7 (synthetic),
2 x4; (d) todorokite, 3 x3; (e) romanechite, 2 x 3; (f) hollandite, 2 x 2; (g) pyrolusite, 1 x 1.

True 1x2 polysome

Historically, ramsdellite has been considered a 1 x 2 tunnel structure and included together
with other members of the tunnel oxides, but in strict polysomatic terms this is incorrect. The
common feature in tunnel oxides is the occurrence of two sets of ribbons formed by edge-
sharing octahedral chains with dimensions ranging from 1 to o that develop in orthogonal
directions. This is not the case for ramsdellite where the ribbons (with width corresponding
to two octahedral chains) are parallel. Confusingly, in ramsdellite the notation “1 x2” refers
to the opening of the tunnels but not to the width of the ribbons. Consequently 1x 1 tunnels
found in all other members of the polysomatic family are absent (Fig. 4). The notation “1x2,”
whenever referred to the polysomatic description and not to the tunnels, denotes a different
structure, which has not been yet reported for any mineral although it has been recognized as
local domain within nsutite by HRTEM (Fig. 5).

APPLICATIONS
The technological importance of tunnel oxides arises from three features:

1. Tunnel oxides are very common in nature. A potentially important resource is
provided by those manganese oxides that occur in large deposits on the ocean floor
and products of mid-ocean ridges (Menard and Shipek 1958).

2. The open structure of tunnel oxides makes them possibly important as cation
exchange materials for the sorption of heavy metals. In synthetic analogues these
properties may be tailored through controlling the tunnel dimensions.

3. These minerals typically occur as very fine scale aggregates and as coatings with
large surface areas that may further enhances their exchange capacity.
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Figure 4. Structural scheme of
ramsdellite: it has 1x2 tunnels,
but does not correspond to the 1 x2
polysome.

Figure 5. On the left side, HRTEM photo of nsutite from Piedra Negras, Mexico, showing several defects.
The structural arrangement of ribbons in the region within the B box is sketched on the right side; the
upper right region corresponds to the “true” 1 x2 polysome, whereas the lower left region corresponds to
ramsdellite, the “false” 1 x2 polysome [Used by permission of Nature Publishing Group, from Turner and
Buseck (1983), Nature, Vol. 304, Fig. 4, p. 145].

These three features are common with zeolites, although the first is perhaps limited due to the
difficulty of mining deep ocean deposits. Generally however, technological applications do
not require comprehensive characterization of fine-grained and poorly crystalline phases, as
their useful industrial properties are apparently independent of crystal chemistry, at least as the
first approximation. According to Post (1999), the most common manganese oxide minerals in
soils are lithiophorite, hollandite, and birnessite.

Already manganese tunnel oxides are exploited due to their microporous features.
Specifically, tunnel oxides are often referred to as Octahedral Molecular Sieves (OMS), a
terminology that mirrors the acronym ZSM that is applied to zeolite-like molecular sieves
based on a tetrahedral framework. The wide range of applications of tunnel oxides include:

i

1ii.

The inclusion in a high level radioactive waste of a compound with composition
BaAl,TisO,6 and structurally related to hollandite (2 x 2) called SYNROC (Ringwood
et al. 1979) specifically for the immobilisation of radioactive cesium.

Amelioration of pollution using manganese oxides that may act as natural sinks
for heavy metals in contaminated waters from mines and other industrial activities
(Whitney 1975; Lind and Hem 1993). For instance, the capability of cryptomelane
to sorb cations such as Co?*, Zn?*, and Cd>" has been discussed by Ghoneimy (1997)
and Randall et al. (1998).

Photocatalytic oxidation (e.g., birnessite, todorokite) for environmental remediation
and modifying soil chemistry (Oscarson et al. 1981; Shen et al. 1993).

Ion exchange media in a variety of uses. Synthetic todorokite (3 x3) obtained in
a two-step procedure after synthetic birnessite (2xo), shows significant cation
exchange properties similar to zeolites (Golden et al. 1986). This may prove to be
true for other oxides with large tunnels (3 x4, 2x5).
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Finally, tunnel oxides are of considerable scientific interest in pure and applied
geosciences. As noted earlier, feldspars assume hollandite-type structures at very high
pressure and may represent one of the major phases in the Earth’s mantle.
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