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Abstract

The x-ray powder diffraction data for todorokites was
precisely studied and the crystal structure of todorokite is
discussed. Three types of structure model are used to calculate
the theoretical diffraction pattern. The iayer structure model,
the 3x3 tunnel model and the layer and bridge model were
considered. It is obvious on comparing the experimental results
of natural todorokite and the calculated results that the layer
model agrees well with observed data. Weak diffraction peaks:
(d=6.9 8 and 4.4 8) observed in todorokite are explained by the
layer and bridge model which contains random HyO between the
[MnOg] layers. These water molecules occupy the interlayer
position. As the H,0 content in todorokite decreases on heating,
the interlayer distance decrease. H,0 is a main constituent in
the 'bridge' structure. Other elements such as Mn, Mg, Ca, O
also form the bridge and stabilize the structure on heating.
It is satisfactory to consider the structure of todorokite as a
layer structure having a 'bridge' which connects each layer.

A Fourier map of acicular todorokite, which was calculéted
from rotation photographs, also shows the image of a layer

structure. This structure is analogus to the layer structure of

lithiophorite.
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Chapter 1. Introduction

Todorokite is a manganese oxide mineral having H,0 in its
structure. It was reported at first from Todoroki gold mine,
Hokkaido, Japan (Yoshimura,1934). This mineral is observed as
aggregate.of fine acicular crystals. MnO,, H,0, CaO, BaO and MgO
are observed as main elements by chemical analysis. X-ray powder
diffraction data of todorokite clearly show diffraction peaks
of 9.6 B, 4.8 R, 3.2 B, 2.45 R and 1.42 R.

Since 1934 there has been many reports of occurrence from
all over the world (Frondel,1953; Frondel et al.,1960;
Ljunggren,1960; Straczek et al.,1960; Faulring,1961;
Lawrence,1962; Radtke et al.,1967; Lawrence et al.,1968;
Harada,1982). There are many names for these;type of minerals,
such as "woodruffite" (Frondel,1953), "Delatorreitea (Straczek et
al.,1960), "Buserite" (Giovanoli,1975). "10&8-manganite"
(Buser,1959), which shows a similar x-ray diffraction profile to
todorokite, and is thelmineral observed in deep sea manganese
nodules. There is confusion as to the definition of todorokite,
with the main reason being that the crystal structure of
todorokite has not been fully determined vyet.

Buser and Grutter(1956) proposed that the crystal structure
of todorokite in manganese nodule has a layer structure analogous
to lithiophorite on the basis of x-ray diffraction profiles.
However this idea has little support since lithiophorite can not
contain Nat ions and the habit of cleavage is different from
that of todorokite. Thus, instead of the layer model, the 3x3

tunnel structure model of todorokite was proposed on the basis



of crystal morphology (Burns and Burns,1977; Burns et
al.,1983,1985). High resolution electron microscopic study of
todorokite (Turner and Buseck,1981; Turner et al.1982; Siegel
and Turner,1983) showed the tunnel imagery of crystal structure
although there is still a problem with the tunnel structure
model. The reasons for this are;

(1)the 3x3 tunnel model can not explain the x-ray powder
‘diffraction data,

(2)the reduction of length of c-axis on heating can not be
explained by a 3x3 tunnel model.

Structural correlation of lithiophorite with todorokite is
unsatisfactory when crystal habits of todorokite and
lithiophorite are compared (Burns and Burns,1977). However, this
does not mean all ‘layer structure models of todorokite are
unsatisfactory. As the single crystal of todorokite is not
available, we must study it by powder diffraction method. In
this paper, the x-ray powder diffraction profiles based on three
structure models were calculated and compared with the observed
diffraction data from natural samples. X-ray diffraction
photographs of acicular todorokite were obtained and the electron
density distribution was calculated. Based on these data, the

appropriate model for todorokite was discussed.



Chapter 2. Previous works

2-1. Classification of manganese dioxide minerals.

The fundamental crystal structure unit of manganese dioxide
minerals is [Mn06] octahedron. The [MnOg] octahedron is linked
by corner-sharing and edge-sharing to give variety of chain,
tunnel and layer structures. All [MnOg] octahedra are equivalent
and share edges to form single, double and triple chains running
barallel to the b-axis. The structure of some manganese dioxide
minerals was proposed to have a tunnel structure based on chains
of multiple edge-shared [MnOg] octahedra. There are different
ways of linkage of [Mn06] octahedra in manganese dioxide
minerals. Added complexities in the manganese dioxide arise from
ordered and random vacancies in, and domain structures and non-
periodic intergrowth of, the linked [MnOg ] octahedrél units.

Possible crystal structure of manganese dioxides indicate
that the classification of these minerals is derived from the

basis of different linkages of [MnOg] octahedra.

(a) Chain structure

The basis for describing the crystal structures of manganese
dioxide minerals is the pyrolusite ( @—Mnoz). It has a rutile
(TiO,) structure in which every Mn atom is surrounded by six
oxygen atoms located at the vertices of a distorted octahedron
with Mn at the center. The [Mn06] octahedra share edges to form
single chains extending along the c-axis (Fig.1-a). These chains
influence the morphology of pyrolusite which frequently has an
acicular habit. The single chains in pyrolusite are cross-linked

with neighboring chains by corner-sharing of oxygen atoms of



adjacent octahedra. The hexagonally closed-packed oxygen layers
along [100] are puckered to give tetragonal symmetry.

Ramsdellite has the same chemical formula to pyrolusite. This
mineral contains double chains of 1linked [MnOg] octahedra
(Bystrom,1949). The octahedra are linked together by sharing
opposite edges, thus producing continuous pyrolusite chains along
the c-axis. Two such chains are cross-linked by edde sharing, one
chain being displaced 1/2 c with respect to the other, so that an
octahedron from one chain shares an edge with each of two
octahedra from the other chain. The double chains of linked
octahedra are further cross-linked to adjacent double chains
through corner sharing of oxygen atoms, to give orthorhombic
symmetry (Fig.l1-b). The nsutite or §-MnO, group consists of
irregular structural intergrowth between pyfolusite and
ramsdellite units. The alternating c-axis chain segments of the
basic single- and double-chain units is random, so that no
reqgular periodicity 6r superstructure is apparent.
(b) Tunnel structure

Minerals of hollandite-cryptomelane or X -MnO, group have

structures based on that of ramsdellite (Bystrdm and Bystrom,
1950;1951). This structure contains infinite double chains of
edge-shared [Mn06] octahedra. In hollandite minerals with
tetragonal symmetry, these chains extend along the c-axis;
whereas, in varieties with monoclinic symmetry the b-axis become
the chain direction. The octahedron of the double chains share
corners with adjacent double chains to give a three-dimensional

framework containing large tunnels (Fig.1-c). This produces a



large cavity with accommodates large cations. General formula of
A-MnO, group is described as A,MngO4+nH,0. They are named
depending on the species of A-cation. Hollandite, cryptomelane,
coronadite and manjiroite have the same structure and contain
large cations such as Ba?*, K*, Pb2*, Na‘t respectively. Generally
Ba’* ions and H5,0 molecules occupy the tunnel site of the
hollandite structure (BystrSm and Bystrdm,1950,1951; Post et al.
+1982; Miura,1986). The non-stoichiometry and local charge
balancing by large cations in the tunnel and voids of vacancies
2+,Mn3+

or Mn (etc.,in the [MnOg] octahedra are significant factors

which may contribute to exchange of the cations and fractionation
of minor elements.

Psilomelane (Fig.1~d) has a‘tunnel structure analogous to
hollandite (Wadsley,1953). It consists of triple chains of [ MnOg ]
octahedra linked by double (ramsdellite-like) chains to form a
series of tunnels running along the b-axis. The b dimension of
the psilomelane structure corresponds, therefore, to the c¢
dimension of pyrolusite, ramsdellite and tetragonal hollandite—
cryptomelane. The large tunnels are again occupied by
Ba2+,K+,H20,etc”so that the psilomelane structure resembles the
hollandite structure to which it breaks down at high temperature.
(c)Layer structure

Another important crystal structure of manganese dioxiae
minerals is layer type structure.

The crystal structure of chalcophanite (ZnMn305°3H,0)
consists of single sheets of water molecules between layers of
edge-~shared [MnO6] octahedra, with Zn atoms located between the

water layer and oxygens of the [MnO6]‘layer (Wadsley,1955). The



stacking sequence along c-axis is thus -0-Mn-0-Zn-H,0-Zn-0-Mn-0-
and the perpendicular distance between two consecutive [Mn06]
layers is about 7.17 ®. The water molecules are grouped in open
double hexagonal rings, while vacancies exist in the layer of
linked [MnO6] octahedra, so that six out of every seven
octahedral sites are occupied by manganese. Each [Mn06]
octahedron shares edges with five neighboring octahedra and is
adjacént to a vacancy. The Zn atoms are located abo&e and below
the vacancies in the mangénese layer and are coordinated to three
oxygens of the [MnOG] layer. Each Zn atom completes its
coordination with three water molecules so as to form an
irregular coordination polyhedron.

Lithiophorite [(Al,Li)MnOZ(OH)Z] also has a layer structure
(Wadsley,1952). The edge-shared [Mn06] octahedra layérs alternate
with [(Al,Li)OH6] octahedra layers. The stacking sequence along
the c-axis is: -0-Mn-0-OH-(Al,Li)-OH-O-Mn-0-, and two consecutive
[MnOg] octahedra layer are about 9.5 £ apart. Vacancies
occurring in the sheets of linked [MnOg] octahedra in the
chalcophanite structure are not characteristic of the linked
[MnOg] octahedral layers of lithiophorite, although vacancies may
exist between the sheets.

Birnessite is also considered to have a layer structure. The
crystal structure of a natural birnessite has not been
determined, and information has been derived from electron
diffraction measurements for synthetic compounds of the
birnessite group (Giovanoli and Stahli,1970). Platelets of

synthetic Na4Mn14027'9H20 and Mn-043°5H,0 were deduced to have a



structural model similar to chalcophanite. Thus sheets of
water molecules and hydroxyl groups are located between layers of
edge-shared [Mn06] octahedron separated by about 7.2 ® along the
c-axis. One out of every six octahedral sites in the layers of
linked [MnO6] octahedra is unoccupied, and Mn2* or Mn3* ions are
considered to lie above and below these vacancies. These low-
valence manganese ions are coordinated to oxygens in both the
[Mn06] layer and the (HZO,OH) sheet. The position of sodium in
the intermediate layer is uncertain. The electron micrographs of
natural and synthetic birnessites show crystals with platey and

lamellar habits which correlate with the proposed layer

structure.

2-2. The X-ray powder diffraction data of todorokite

X~-ray data of todorokites from several localities are
compared in Table 1. It is apparent from the‘d—spacings in the
table that considerable variation exists between relative
intensities of comparable lines for different todorokite samﬁles.
In the data from Romaneche(France) and Huttenberg(Austria), the
diffraction peak of 6.9-7.1 B is observed, whereas in the data
from other localities, this peak is not reported. As the d-
spacing of (001) diffraction peak in birnessite is 7.2R, it is
not thought that the 6.9-7.1 B peak observed in todorokite 1is
caused by the presence of birnessite as an impurity. Todorokite
from Farragudo(Portugal), (Frondel,1960) and from Vermlands
Taberg(Ljunggren,1960) do not have this peak.

When the diffraction peak is weak and broad, it is very



difficult to distinguish the diffraction peak from the baseline
and sometimes may be mistaken. Thus it is better to compare the
data by diffraction profile than by d and I table.

In earlier studies, unit cell parameters were derived for
todorokites from x-ray powder patterns. Straczek et al. (1960)
found parameters of a=9.75 B, b=2.84 B, ¢=9.59 &, and 3 =90° for
a unit cell with either orthorhombic or monoclinic symmetry.
Fauling (1961) found similar parameters of a=9.65 ®, b=10.29 R,
and c=2.84 8 witho,B and {angles varying slightly from 90° for a
sample from Charco Redondo,Cuba. The unit cell was considered to
be pseudo-orthorhombic and triclinic. Many types of disorder are
present in todorokites. The ubiquity of disorder explains the
confusing x-ray diffraction patterns and hence the difficulty in

determining structure types by x-ray diffraction measurements.

2-3. Early studies of todorokite structure.

The crystal structure of todorokite has not been determined
mainly because single crystals suitable for a structural analysis
have not been found. Buser and Grutter (1956) suggested that the
structure of todorokite in manganese nodules has a layer
structure analogous to lithiophorite, because prominent d-
spacings around 9.6 £ and 4.8 R for manganese nodules
corresponded to similar basal spacings in the x-ray powder
diffraction pattern of 1lithiophorite. However, synthetic
experiments of lithiophorite by Giovanoli et al, (1973) showed
that substantial amounts of Na* or other cations cannot be
substituted in the lithiophorite structure. They concluded that

lithiophorite differs fundamentally from todorokite. Crystals of



lithiophorite consist of laminae showing one perfect cleavage
parallel to (001). This habit correlates with the layer structure
determined for lithiophorite. Todorokite specimens, on the other
hand, consist of fibrous aggregates of small needle-shaped
crystals, resembling many specimens of cryptomelane, hollandite
and psilomelane. Furthermore, electron micrographs of todorokite
(Straczek et al.,1960;Hariya,1961) show that the crystals consist
of narrow lathes or blades elongated along one axis (parallel to
b) and showing two perfect cleavages parallel to the (001) and
(100) planes. Minerals of the hollandite and psilomelane groups
also show two perfect mutually perpendicular cleavages at right
angles to the elongation of the acicular crystals. This
resemblance suggests that todorokite has a crystal structure
similar to that of hollandite and psilomelane and not that of
lithiophorite (Burns and Burns,1977). The crystal structure
model of todorokite was proposed by Burns and Burns(1977). They
insist that todorokite resembles cryptomelane, hollandite and
psilomelane in the following points. (1)It consists of an
aggregate of fibrous crystal.(2)It has two perfect cleavages
parallel to (001) and (100). On the basis of the above, they
proposed the tunnel structure consisting of triple [Mn06] chains
(Fig.1-e), analogous to d—MnOz. If todorokite does have a tunnel
struqture, then it is possible to have Mn2+ and Mn4+ ions in
[MnOgz] chains and have large molecules in the tunnel site.
Recent work has been done on todorokites by a variety of
techniques. Chukhrov et al.(1978;1979) observed the polymorphs of

todorokite by selected area electron diffraction method. They



reported on todorokite with unit cell length of a=9.75, 14.6, and
24.38 B, and classified the todorokite polymorph based on the
length of a-axis. As the length of a-axis is a multiple of 4.88%,
they recommend thé following nomenclature : todorokite I with
a=4.88 R, todorokite II with a=4.88 x 2 &, todorokite III with
a=4.88 x 3 B, todorokite IV with a=4.88 x 4 R and todorokite V
with a=4.88 x 5 &. Todérokite I1,III, and V have already been
found in nature.

Turner and Buseck(1981) reported that terrestrial todorokites
consist of tunnel structures of previously unreported dimensions
and that these tunnel structures are intergrown coherently on a
unit cell scale. This todorokite family consists of related
intergrowths of tunnel structures of size 3x3, 3x4, 3x5, and so
forth, with the common triple chain. They pointed out that it has
become apparent that a revised nomenclature is needed for the new
structure of the todorokite family and, indeed, for the whole
group of manganese oxide tunnel materials. Electron diffraction
patterns with spacing of 9.75 B, 14.6 B and 24.4 B in different
samples of todorokite by Chukhrov et al.(1976) interpret these
spacings to reflect predominant tunnel sizes 3x3, 3x5, and 3x9
respectively.

IR spectra of todorokite are consistent with either a layer
structure of linked [MnOg] octahedra containing vacancies, or a
highly poiymerized chain or tunnel structure with qguadruple
chains (Potter and Rossman, 1979). Modelling of the structure of
todorokite is discussed by Burns and Stockman (1983). However,
crystal structure of todorokite appear to contain variable

linkages of edge-shared [MnOg] octahedra and to be characterized

10



by numerous structural defects, essential cation vacancies in the

chains or layers of linked octahedra, domain intergrowth of mixed

periodicities, extensive atomic substitution (particularly

divalent Ni, Cu, Zn, Mg, etc., for Mn2+, and cation exchange

properties. The problem is

(a) What is‘the main structure of todorokite ?

(b) Does 3x3 tunnel structure exist in todorokite ?

(c) Can the model structure explain the x-ray diffraction

profile ?

(d) Does the structure change over the unit cell range ?

11



Chapter 3. Experimental method.

3-1. X-ray powder diffraction study.

An x-ray powder diffraction patterﬁ of todorokite was
studied in order to make a crystallographic characterization of
this mineral. Samples were selected from 5 localities, Todoroki
mine (Hokkaido), Ikeshiro mine (Shizuoka prefecture), Maruyama
mine (Aomori prefecture), Urizukuri (Yamaguchi prefecture) and
Akan-Yunotaki(Hokkaido). In the Todoroki mine, this mineral
occurs as an aggregate of very fine flakes about 0.05 mm in
length at the largest (Yoshimura,1934). It covers the wall of a
druse in the oxidized zone of thé gold deposit. The occurrence
of the two samples from Maruyama mine and Ikeshiro mine are not
known. Both of them are also aggregates of fine acicular
crystals. ‘

In Urizukuri, Yamaguchi prefecture, the todorokite occurs in
the hydrothermal alteration zone. This sample does not show
typical crystal habit. By electron micrograph, typical acicular
form was observed (Harada,1982). Todorokite from Akan occurs in
hot springs by recent volcanic activity. It looks like <clay with
black color. The x-ray powder diffraction data were collected
using Cu-Kx radiation with a graphite monochromator from 20=4°
to 70°. Step size was 0.05° and count time was 30 sec. Samples
were fixed on the sample holder which was made of Si single
crystal plate, to minimize the effect of background scattering
of x-ray. The 19 R peak (26=4.5°) was observed in the
diffraction profiles of todorokite from Todoroki mine and

Urizukuri. To closely examine the 1low angle diffraction peak,

12



samples which were fixed on the sample holder with preferred
orientation were used. The sample with preferred orientation

clearly shows the 19 & peak.

3-2. Calculation of theoretical x-ray diffraction profile

To study what kind of crystal model can give the observed x-
ray diffraction data, theoretical x-ray diffraction profiles
based on some structure models were calculated. As mentioned
above, Burns et al.(1977) proposed the 3x3 tunnel model
consisting | of [Mn06] octahedron. On the other hand,
Giovaﬁoli(1985) argues against the tunnel model. In this paper,
three models were selected for calculation of x-ray diffraction
profile. They are "3x3 tunnel model", '"layer model" and "layer
and\bridge model". It is assumed that the todorokite structure
model consists of geometrically arranged [MnO6] octahedron. The
octahedron is a basic unit in many manganese oxide minerals and
observed in the structure of pyrolusite, ramsdellite, hollandite
and cryptomelane etc. The calculation program for "3x3 tunnel
model" and "layer model" is written in BASIC on the basis of
"PPDP" written by Ando and Kawahara(1982).

To explain the broad peaks, the layer and bridge model is
considered. This model is a layer structure having H,0 molecule
between the [MnOg] layer at random.

The calculation program of diffraction profile for a random
structure was written in FORTRAN. The subroutine CALC in UNICS
program (Sakurai,1967) was modified and used for calculation of

structure factors. Peak profile was drawn by Gaussian function.

13



3-3. Crystal structure analysis of acicular todorokite by x-ray

diffraction method.

An x-ray diffraction photograph of acicular todorokite
sample was taken. The acicular sample was set on the four circle
x~-ray goniometer as the long axis was kept in a vertical position
(Fig.2). As the acicular todorokite is made of approximately
parallel alignment, an x-ray diffraction photograph resembling
rotation photograph is obtained. Graphite monochromated Mo-Kx
radiation with 60 kv, 200 mA was used for the experiment. The
distance between specimen and flat film was 30 mm (Fig.%9-a) and
60 mm (Fig.9-b). The exposure time was 30 minutes. All axes of

goniometer and film were fixed during exposure.
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Chapter 4. Experimental results.

4-1. X-ray diffraction profiles of todorokite.

X-ray data for todorokites from Japan are compared in Table
2 and Fig.3. It is apparent that considerable variation exists
between relative intensities of comparable lines for different
todorokite samples. The maximum peak intensity varies with the
cryétallinity. Fig.4 also shows the x-ray diffraction profiles
of the same samples using a step scanning method. The full
scale of vertical axis is 100 cps. As the step size was 0.05 ©
and the count time per step was 30 sec, weak and broad peaks of
todorokites were easily detected by this method. As shown in
Fig.4, the 6.98 and 4.4R peaks are found in the diffraction
data of todorokite from Todoroki, Ikeshiro, Maruyama and
Urizukuri. Their peak intensity related to the maxiﬁum intensity
peak are 1-2 %(6.98) and 2-8 %(4.4R). The diffraction profiles
of todorokite from Akan-Yunotaki do not show these diffraction
peaks and this indicates that its structure is different from the
todorokite from Todoroki mine, Ikeshiro mine, Maruyama minetand
Urizukuri.

The wunit cell data of each todorokite sample at room
temperature are calculated using 5 diffraction peaks which are
common in each sample (Table 3). The a and b parameters of each
todorokite are almost constant whereas the ¢ parameter varies
widely. The length of c-axis changes on drying or heating
(Harada,1982; Miura and Hariya,1984). The difference in Cc-
parameters, observed in todorokite, 1is controlled by water

content of the specimen.
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4-2. Superstructure of todorokite.

Re-examination of x-ray powder diffraction data of todorokite
from Todoroki mine and Urizukuri was carried out. Samples which
have preferred orientation were used for the study. The
diffraction peak of 19.3 & (Table 4) was observed in the powder
diffraction profiles of these two samples. No data have been
reported on the d-spacing of larger than 9.6 £. The d-
spacing(19.3 &) is twice that of 9.6 ® which is the strongest
line in the diffraction data. When samples are fixed to the
holder with preferred orientation, the peak of 19.3 ® becomes
clear, as well as 9.6 8 and 4.8 B. The 19.3 R peak was assigned
as todorokite basal plane (001). The unit cell parameters,
refined by the least-squares method using 7 reflections of random
orientation sample are;
a=9.79 + 0.06 R, b=2.86 + 0.01 B, c=19.50 + 0.24 R.

Todorokite species may be characterized by unit cells having
different parameters of q—axis. These todorokites are new species
of superstructure. The relationship between the superstructure
and polymorph of todorokite reported by Chukhrov et

al.(1978,1979) will be discussed later.

4-3. Thermal study of todorokite.

The unit cell parameters of todorokite vary on heating.
Fig.5 shows the unit cell dimensions of todorokite from Todoroki
mine at each temperature. The c-axis diminishes in size

considerably, whereas the a-axis and b-axis are constant. The
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length of b-axis is 2.868%, which resembles that of the unit cell
length of other manganese oxide minerals. As this length
corresponds to the ionic radii of oxygen, it is reasonable that
the b-axis is constant on heating. The decrease in c-parameters
starts with heating and ends at about 330 ©C. The release of H50
also ends at this temperature (Miura and Hariya,1984). a-
parameter is almost constant and independent on heating. The
difference of behavior on heating between a- and c-parameters

show the difference of crystal structure along a- and c-axis of

todorokite.

4-4. Calculated x-ray diffraction profile of the 3x3 tunnel

model.

Most todorokites of hand specimen consist of fibrous
aggregates of small acicular crystals. The crystal structure of
todorokite has not been determined. Thus, any information has not
been derived from experimental results. The method used in this
investigation is based on comparing the calculated x-ray
diffraction profile on the basis of model structure with that of
natural samples. The crystal structure of manganese dioxide
minerals consists of [MnOg] octahedra, with the structure model
for calculation also formed witﬁ these units. Suppose [MnO6]
octahedron which consists of 6 oxygen ions having 1.425 ® ionic
radii are bonded to each other without distortion. Twice of the
atomic radii of oxygen equals the length of the b-axis. The

length of two edges of the tunnel is equal. The crystal system is
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thus supposed to be tetragonal. The unit cell is shown in Fig.6-
a. The setting of unit cell is analogous to ol -MnO,. The b-axis is
located at the 42 axis following the tetragonal A-MnO,.
Consequently, the direction of crystal axis is identical to that
of Straczek et al.(1960). There is a H,0 molecule or metallic
ion in the tunnel of the structure model proposed by Burns et
al.(1984). Crystal structure analysis data of(X—MnOZ(Post et
al.,1984,Miura,1986) showed that a metallic ion and H,0 occupy
the tunnel site. In the calculation, tunnel ions are not
considered for simplification. The crystallographic data used in
the calculation is listed in Table 5. Table 6 and Fig.7 shows
the calculated x-ray diffraction data of the todorokite model
structure which has 3x3 tunnel, compared with natural
todorokites from some localities. The calculated data is
basically different from the observed data of natural todorokite
in the following way; the diffraction peak of (00L) is observed
in the calculated data, whereas the intensity of calculated
diffraction peaks of 6.98 and 4.48 are not concordant with the

\

observed data of natural todorokite.

4-5. Calculated x-ray diffraction profile of the layer model

One of the most important structural models of manganese
dioxide minerals is the layer structure. This structure consists
of layers of edge shared [MnO6] octahedra. The layers of [Mn06]
octahedra separated by about 9.6 ® along the c-axis. The
crystallographic data of the layer model used for calculation are

listed in Table 7 and the structure model is shown in Fig.6-b.
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Table 8 and Fig.7 shows the calculated‘data of the layer model.
The calculated diffraction profile on the basis of the layer
model is similar to the observed data from natural todorokites.
It does not have a diffraction peak of 6.98 nor 4.48 which are
observed in the diffraction data of 3x3 tunnel model. So it is
reasonable to recognize that the todorokite from Todoroki mine,
Ikeshiro mine, and from other localities in Japan may have a

layer structure generally.

4-6. Calculated x-ray diffraction profile of the layer and

bridge model.

The layer and bridge model is supposed to explain the broad
peaks observed in natural todorokite. This model is a layer
structure with enclosed sheets of H,0 molecule between the [MnOg ]
layer. Todorokite contains a significant amount of H,0 in its
structure, and it is considered that H,O0 is essential to
todorokite structure. ﬁzo molecule is arranged at position
A(0,0,0.5) or position B(0.5,0.5,0.5) at random (Fig.6-c). The
positions of H,0 in 200 unit cells which lined up to a-axis
were determined using random numbers (Table 9). In the
calculation, the atomic scattering factor of oxygen is used for
H,O0. The calculated diffraction profile is shown in Fig.8. To
compare the weak and broad peaks, vertical scale is magnified.
The layer and bridge structure which contains bridge at random

can explain the broad and weak diffraction peaks observed in

natural todorokite.
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4-7 X-ray diffraction photograph of acicular todorokite.

The x-ray diffraction photographs of acicular todorokite
from Todoroki mine are shown in Fig.9. If the specimen is a
vsingle crystal, the diffraction spot would not be observed on the
film. The rotation of specimen is necéssary to set the
appropriate position for diffraction. If the specimen 1is
aggregate of fine powder crystals with random orientations, the
photograph will show concentric Debye—Scﬁerrer rings. The x-ray
diffraction photograph shows weak Debye-Scherrer rings and
diffraction spots. The debye-rings were derived from fine powder
crystals of random orientations and the spots were derived from
fibrous todorokite crystals. To obtain this type of diffraction
photograph, rotation of the specimen is necessary. If the
specimen consists of many fibrous crystals parallei to a certain
axis and another two axes of fibrous crystals are set in random
direcfions, the same rotational effects will occur. So, it is
natural to consider thgt the specimen is aggregate of fibrous
crystals parallel to a certain axis. Thus it is possible to
treat the photograph as a rotation photograph. The distance
between the zero layer and 1st layer reveals that the unit cell,
which is constant along the extended axis of acicular todorokite,
is 2.8 &. The specimen elongates along the b-axis.

Each spot was indexed by the following manner. Assuming the
cell constants as a=9.76 &, b=2.87 R, c=9.68 &, ol=90°, $=90°,
K‘=90°,then the d-value of each indexes may be calculated. The
distribution of diffraction spots on film had a center of

symmetry, and the value of tan(20) is available by dividing
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half of the distance between the corresponding diffraction spots
by the distance between the specimen and film. From these data,
observed d-values were obtained. Assuming the spots on the zero
layer have a index of (h0l) and the spots on the 1st layer have a
index of (h11l), then indexes can be determined comparing the
calculated d-spacing and the observed d-spacing.

The intensity of the spots were calculated on the basis of
the peak area which was measured by photometer. Multiplicity of
diffraction were considered in calculating the intensity of the
diffraction peak. For example, the intensity of diffraction spot
(001) in Fig.9 is affected by (001) and (001). The
multiplicity is 2. As the spot (101) is a superpositional spot
for (101L(1OT) A;O1)AHOT), the multiplicity is 4. The
diffraction intensity of each peak was obtained by dividing
observed intensity by multiplicity. As an orthorhombic system was
assumed, structure factors of hkl,hki,ﬁkl,ﬁkﬁ are equivalent.
Table 5 shows the index, calculated d-spacings, observed d-
spacings and intensity.'Unfortunately, a few spots could not be
indexed by this method. This may be because of disorder in the
specimens of todorokite. In this study, these spots are ignored.

Based on the above intensity and the phase derived from 3x3
tunnel model, Fourier synthesis was performed. RSSFR-5 in UNICS
system (Sakurai,1967) was used for calculation. Four peaks of
high density and 10 peaks of low density were observed in the
Fourier map. It was assumed that high density peaks were
manganese and others were oxygen atoms, The final result is shown
in Fig.10 as a projection on (010). No large residual peak were

observed in the differential Fourier map. Four high electron
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density peaks are observed at c=0 and ¢=0.5. They elongate in
the a-axis direction and indicate the position of the sheets
of Mn. The presence of oxygen atoms surrounding the Mn atom are
not clear from this figure. Between the Mn layers which exist at
9.6 8 spacings, an additional layer exists. The electron density

of this layer is lower than the Mn layer.
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5. Discussion

5-1. The structure model of todorokite.

The intensity of x-ray diffraction peaks of high order are
affected significantly by atomic coordinates or temperature
factors. However the intensity of low order peaks are not
affected by these factors and they show the features of the
fundamental structure. In this study, the data of low angle peaks
(26¢30°) were used for discussion. The comparison of the
theoretical x-ray diffraction profiles of todorokite and the
observed profile shows that todorokite has a layer structure.
The 3x3 structure model can not explain the observed profile. For
the weak peaks in the observed data, it is possible to explain by
the layer and bridge model which contains H,O between [MnOg ]
layers at random. The weak and broad diffraction ‘peak of 6.9 R
and 4.4 ® shows the existence of bridge which connect each
[MnOg] layer. The elements which form the bridge are different
from the [Mn06] layer which contains H50.

Heat treatment of todorokite also shows that the todorockite
has a layer feature. The d—spacing‘of the (00L) diffraction
peaks of todorokite from Urizukuri decreases when dried
(Harada,1982). Todorokite from Todoroki mine also has decreased
d-spacing of (00L) diffraction peaks on heating. If todorokite
has a 3x3 tunnel structure and the arrangement of [MnOg 1
octahedron is the same for both a-axis and c-axis, a-axis.
should contract simultaneously. However the observation results
show only c-axis contracts on heating. The structure of

todorokite is different in a- and c-axis directions. The
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difference between the tunnel structure and the layer structure
is a result of whether the nature of layer and bridge is
different or not. As H,0 exists in the bridge, the layer and
bridge are different in todorokite. From this point of view,
todorokite has a layer structure. The bridge can not be formed
by HyO0 molecules alone. It consists of various kinds of elements
and has definite structure but the detail of the bridge is not
clear yet. Todorokite has irregularity in its structure and it
must be recognized that these irregularities are the nature of
todorokite.

A Fourier map of acicular todorokite also shows the layer
image. It is not possible to solve the structure with high
accuracy because the observed data contains some errors. For
example, (a)the number of observed diffraction peaks were
insufficient, (b)film factors were not corrected, (c)the sample
contains superstructure, (d)the c-axis of each crystal was not
completely parallel. However it will show the image of todorokite
structure. The Fourier map, projected on (010), shows the,high
electron density layer existing in todorokite. The layer exists
at 9.6 ® intervals and between these layers, other layers exist.
The Fourier synthesis map of todorokite is quite similar to the

crystal structure of lithiophorite (Wadsley,1952).
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5-2. Superstructure of todorokite.

The broadness of the x-ray diffraction peaks of 6.9 % and 4.4
R are explained by disorder‘in the position of the bridge.
The arrangement of the bridge will orientate the superstructure
towards the a-axis. In a structure of well crystallized
todorokite, bridges will exist at regular intervals. Fig.11 shows
the schematic diagram of the layer and bridge structure model
having different intervals of bridge. A small square represents
[MnOg] octahedron. Each octahedron shifts 1/2 b alternately as
figuréd by white and black square. The length of one [Mn06] in
the direction of a-axis is 2.47 R. 1If bridges exist at every 5
[MnOg1, bridges shift 1/2 b alternately depending on the position
of [MnOg] in layer (Fig.11-b). So 12.3(=2.47x5) ® should not be
the length of a-axis. If bridge exist at every 7.or 9 [MnOg1],
17.3(=2.47x7) B or 22.2(=2.47x9) R will not be an a-axis in a
similar manner. In this model, the length of a-axis is multiples
of 4.94(2.47x2) R. The polymorph of todorokite reported by
Chukhrov et al.(1978) is possible to explain by this model.

The superstructure observed in todorokite from Todoroki mine
is different from the superstructure reported by Chukhrov et
al.(1978). A small fragment of todorokite crystal has a plate
shape flattened on (001). The relationships between the crystal
morphology and crystal axis is shown in Fig.12 after Straczek et
al.(1960). The direction of superstructure reported by Chukhrov
et al.(1977,1978) is vertical to c-axis. In an electron
diffraction study, an electron beam hits flat specimens

vertically and the diffraction pattern shows symmetry which
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obeys the arrangement of atoms in a‘plane vertical to the c-
axis., Whereas the direction of supérstructure observed by x-ray
powder diffraction study of todorokite from Todoroki mine and
Urizukuri using preferred orientation specimen, is parallel to c-
axis as mentioned above. Todorokites have two types of
superstructure in different directions. The superstructure
toward a-axis is derived from the disordered arrangement of
bridge. And the superstructure toward c-axis is derived from the
stacking of [Mn06] layer.

Crystal habit of todorokite can possibly be explained
through this model. As todorokite has a layer structure parallel
to (001), flake of todorokite exhibit a flat shape. There is a
disorder towards a-axis and cleavage exists parallel to the
(100) plane. The nature of these two cleavages are different. .So

the shape of a todorokite crystal is narrow lath or blade

elongated along b-axis.

5-3. Crystallization process of natural todorokite

Todorokite from Akan contains a significant amount of water.
It releases water and deforms at very low temperatures (Miura
and Hariya,in print). The x-ray diffraction data does not show
the existence of bridge. This means H,0 exists between the
layers completely at random.

From the above data, the following process can explain
the formation of todorokite. At first a layer of [MnO6] is
formed. Many kinds of ions such as Ca, Mg, Na etc and H,0 exist

between 1layers and make 9.6-10 R separation. These ions and H,0
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exist completely at random and are fixed to the layer loosely.
So, H,0 is released at very low temperature and the distance
between each layer decreases. Finally, the structure deforms. As
interlayer ions and H,0 exist at random, the diffraction peak of
6.9 B and 4.4 R are not observed by x-ray powder diffraction.
Todorokite from Akan is at this stage. These ions and H,0 are
fixed in the stable position and unstable H,O will Dbe released
gradually. At this stage x-ray diffraction peaks of 6.9 & and 4.4
R are observed as the interlayer ions and H,0 molecules occupy

the special position.
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Chapter 6. Conclusions

From the present experimental study, the following
conclusions are obtained.

(a)Theoretical x-ray diffraction profile calculation based on the
layer and tunnel model reveals that the basic structure of
todorokite is layer structure.

(b)Fourier synthesis map of acicular todorokite from Todoroki
mine shows layer structure.

(c)The precise study of x-ray diffraction profiles of todorokite
from Japan,including Todoroki mine, shows 6.98 and 4.4 8
diffraction peaks.

(d)These diffraction peaks are explained by the presence of
a bridge which connect each [MnO6] layer at random.

(e)The superstructure of todorokite was observed aléng (001).

(f)The layer structure model is suitable for heat treatment of

todorokite.

(g)The irregularity in structure is a main characteristic of

todorokite.
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Table 1. Selected x-ray powder diffraction data of todorokite.

Farragudo' Charco Redondo Todoroki Huttenberg Romaneche| Philipsburg2 Ardglen3 Aurora mine4
Portugal Cuba Japan Austria France USA Australia Usa
I d I d I d I . d I d I d I d I d
10 9.56 10 9.60 10 9.68 10 9.60 10 9.58 10 9.6 8 9.4 10 9.43
—————— 1/4a 7.13 1/4a 7.15 3 7.02 2 6.98 1d 7.0 4 7.17 1 6.75
8 4.80 8 4,80 8 4,80 8 4.79 8 4.79 6 4.8 10 4,74 4 4.76
—————— 1d  4.45 1/2d 4.45 —————- —————— 1d  4.45 1d 4.30 <1 4.48
—————————————————— 1 3.48 3 3.48 _———— _————— —————
—————— 1/2@ 3.40 ————— —————- —————— —————— —————- ——————
4 3.19 1 3.20 3/2 3.22 1/2 3.21 1 3.22 1 3.20 1 3.19 1 3.20
1/2 3.11 1 3.10  —————- 3 3,170 —————  —mm——— —mm——— 5 3.11
———————————————————————— 1/2d 2.98 —————- —————- _—————-
———————————————————————— 1/24 2.88 —————- 1 2.79 d 2.66
———————————————————————————————————— 3 2.49 1 2.49
2 2.46 3 2.46 2 2.46 2 2.46 = ------ 2 2.46 - ———-- 2 2.45
4 2.40 5 2.40 4 2.39 5 2.40 4 2.41 4 2.405 3d 2.40 3 2.40
3 2.34 4 2.34 3/2 2.34 2 2.33 2 2.36 1 2.34 3 2.28 <1 2.35
3 2.23 2 2.23 2 2.22 2 2.23 3 2.19 2 2.22  —————= ===
—————— 1/2@ 2.13 1/2@ 2.15 2 2.15 1/4 2.15 —————- —————- 1 2.16
3 1.98 2 1.98 2 1.98 1 2.00  ------ 2 1.99 2 1.97 <1 1.995
2 1.93 1/2 1.92 1/2 1.92 e mmmee mmeeee m e <1 1.914
————————————————————————— 1/2 1.83 —————- 2 1.89 —————
1 1.78 1 1.78 e mmme—— mmmeee mmmmem e mm e
1 1.74 1 1.74 1 1.75 1/4a 1.73 ——==-- 1/2 1.75 = ——=e—- <1 1.756
—————— 1/2 1.68 ————— —————- —————- —————- 4 1.69 <1 1.691
———————————————————————————————————— 1 1.630
1.54 1 1.53 1/2 1.54 1 1.55 1/2 1.56 1 1.54 <1 1.593
—————— 3 1.49 _———— —————- ————— ————— 1 1.471
———————————————————————————————————— 1 1.456
3 1.42 2 1.42 3 1.42 4 1.43 1 1.43 3 1.42 2 1.428
2 1.39 1 1.39 1 1.39 1/2 1.40 1/4 1.40  —em=———
1 1.362
<1 1.348

d=diffuse line
1 Frondel et al.

(1960)
3 Lawrence (1960).

2 Larson (1962).
3 Radtke et al.(1967).



Table 2. X-ray powder diffraction data of todorokite from Japan.

Tkeshiro Todoroki Maruyama Urizukuri Akan
I d I d I d I d I d
100 9.57 100 9.67 100 9.60 100 9.56 100 9.74
14 7.17 14 7.20 <1d 7.20 2d 7.22 @ e—ee—
20 4.78 15 4.82 20 4.78 23 4,78 25 4.89
2d 4.42 2d 4.45 3@ 4.37 8d 4.43 @ e
2 I S et e —
6 3.17 3 3.21 5 3.17 5 3.23 2 3.25
11 3.11 2 3.10 5 3.08 5 3.12 —————
2 3.00 ——ee—- 3 2.98 = ceeeee e
———————————— <1 2.81 —————— —————
<1 2,76 e <1 2,77 eme—— e
<1 2.62 e <1 2.59  —ee—— <1 2.55
2 2.45 2 2.44 3 2.44 11 2.45 12 2.44
5 2.40 5 2.40 8 2.39 16 2.39 -
5 2,35 ——ee-- 6 2.35 —eeee— e
1. 2.21 <1 2,21 1 2.21 3 2.20 <1 2.22
<1 2.1 <1 2.16 <1 2.15 1 2,13 ——e———
———————————— <1 2.10 —————— e
2 1.97 <1 1.98 2 1.98 1 1.98  ———n-
<1 1.90 <1 1.91 1 1.91 <1 1.90  ———e—-
1 1.78 —————- 2 1.77  =em———— e
1 1.74 <1 1.75 2 1.74 <1 1.74  —ee e
<1 1.67 <1 1.67 <1 1.68 ———eem e
<1 1.62  ———e-- <1 1.65  —————— e
2 1.56 R ettt
<1 1.53 <1 1.54 1 1.53 <1 1.53  ~——===
<1 1.48 —————- <1 1.48 e 1 1.46
1 1.42 1 1.42 1 1.42 1 1.42 4 1.42
1 1.39 <1 1.39 1 1.4 e e
<1 1.37 e 2 1.38 1 1.37 -

d:diffuse line



Table 3. Unit cell constants of todorokite from Japan.

Ikeshiro Todoroki Maruyama Urizukuri Akan
a(R®) 9.86(2) 9.877(6) 9.88(2) 9.86(4) 9.878(9)
b(8) 2.824(7) 2.806(3) 2.806(9) 2.82(2) 2.806(4)
c(gg 9.53(2) 9.635(7) 9.53(2) 9.64(4) 9.76(1)
V(&) 265.2(9) 267.1(4) 264.2(11) 268.4(23) 270.5(5)

Table 4. X-ray powder diffraction data of todorokite
having superstructure from Todoroki mine.

d I hkl1
19.3 1 0 01
9.69 10 0 0 2
4,83 5 0 0 4
4,48 2

3.22 2 0 06
2.46 5 01 4
2.40 6 0 0 8
2.35 3

2.23 1 21 4
1.99 2 31 4
1.76 1

1.54 1

1.42 2 020

Radiation:Cu-Ka ,35Kv,20mA.
Monochromater:graphite.
Samples are fixed to the holder with preferred orientation.



Table 5. Crystallographic
used for theoretical calculation.

data of 3X3 model

Crystal system : Tetragonal
Space group : P4dy/m
Atomic coordinate
X \% Z

Mn 1 0.113 0.500 0.365
Mn 2 0.250 0.000 0.250
Mn 3 0.387 0.500 0.135
0o 1 0.122 0.000 0.468
o 2 0.105 0.000 0.263
O 3 0.259 0.500 0.353
o 4 0.241 0.500 0.147
O 5 0.395 0.000 0.238
O 6 0.378 0.000 0.032
Cell Constant

a = 13.81 2

b = 2.85 &

c = 13.81 2]

. v = 543.7 83

Formula MnoO,
Z =12

Degle = 3-19 g/cm®




Table 6. Calculated results of x-ray powder diffraction data
based on the 3x3 tunnel model.

2 ©(Cu-Ka) I d h k 1
9.05 100 9.767 1 0 1
12.82 39 6.906 2 0 O
18.17 10 4.883 2 0 2
20.33 17 4,368 3 0 1
25.80 4 3.453 4 0 O
27.39 1 3.256 3 0 3
28.91 5 3.088 4 0 2
33.07 5 2,709 5 0 1
36.50 7 2.461 2 1 2
36.81 3 2.442 4 0 4
37.69 16 2.387 3 1 1
37.98 2 2.369 5 0 3
©39.13 3 2.302 6 0 O
41.06 4 2.198 4 10
41.34 3 2.184 6 0 2
46,24 13 1.963 5 1 1
46.49 3 1.953 7 0 1
51.00 1 1.791 6 1 0
52.81 7 1.733 6 1 2
53.04 5 1.727 8 0 O
54,81 2 1.675 8 0 2
58.01 2 1.590 6 1 4
60.51 4 1.530 7 1 3
65.50 2 1.425 60 2 0
66.10 2 1.413 6 1 6
66.88 6 1.399 7 1 5
67.85 1 1.381 10 0 0 :8 0 6
69.37 1 1.355 3 2 1




Table 7.

Crystallographic
used for theoretical calculation.

data of layer model

Crystal system : Orthrhombic

Atomic

Mn
Mn

cNoNoNoNoRoRON ORIy
S ls]
OOV WN 2B WN -

coordinate
X
0.000
0.250
0.500
0.750
0.083
0.167
0.333
0.417
0.583
0.667
0.833
0.917

Cell Constant

a =9.87 R
b = 2.85 P
c = 9.60 R
v = 270.1 83

Formula Mn02

7 = 4

Degle = 2-14 g/cm3

0.000
0.500
0.000
0.500
0.500
0.000
0.000
0.500
0.500
0.000
0.000
0.500

P/
0.000
0.000
0.000
0.000
0.879
0.121
0.879
0.121
0.879
0.121
0.879
0.121




Table 8. Calculated results of x-ray powder diffraction data
based on the layer model.

2 6(Cu-Ka) I d h k 1
9.12 100 9.700 0 0 1
18.29 10 4,857 0 0 2
27.59 1 3.233 0 0 3
36.40 2 2.468 4 0 0:2 1 O
37.61 6 2.392 4 0 1
41.03 7 2.200 4 0 2
46.28 6 1.962 4 0 3
52.94 4 1.730 4 0 4
60.72 2 1.525 4 0 5
65.51 1 1.425 6 1 O
66.30 1 1.410 6 1 1
68.65 1 1.367 6 1 2
69.51 1 1.352 4 0 6

Table 9. Starting data for calculation of layer and bridge model

probability of A after A : 0.7
probability of B after B : 0.7
number of A : 95
number of B : 105
number of atoms : 2600
unit cell a : 1974.0 R
' b : 2.85 R
c : 9.60 R
Sequence of atomic position
AAAMAAAAAAABBBIBBUBBIBAA
AAABBABABBAAABIBIBDBAARAA
ABBBAAAAAAAAAAABIBBIBEBRB
AAAAAABAABBDBBEBBBRAAABB
BAABAABAAAABIBABIBIBIBIBBEB
BABAAAAAAABIBBBABIBIUBIUBB
BBABBABRBRBBBBBAABDBAARB
BAABBBBBBBAAAABIBRBAIBUBBSB
BBAAAAAAABAAAABI BIERIBUBEBBRB
BABAAAABBBBBUBUBBBEREBREBAA




Table 10. X-ray diffraction data of acicular todorokite.

h k1 26obs. dobs. dcalc. 1
0o 0 1 4.2 9.72 9.69 14
1T 0 1 5.6 7.23 6.89 3
0 0 2 8.4 4,84 4.85 28
1 0 2 9.4 4,34 4.34 12
0O 0 3 12.9 3.16 3.23 46
0 0 4 16.8 2.43 2.42 29
1 0 4 17.3 2.36 2.35 14
2 0 4 19.4 2.11 2.17 11
1 0 5 21.6 1.89 1.90 6
4 0 4 23.3 1.76 1.72 16
0 0 6 25.0 1.64 1.65 64
6 0 5 32.5 - 1.27 1.25 11
0O 0 8 34.4 1.20 1.21 22
1T 1 2 16.9 2.40 2.39 100
2 1 2 18.6 2.19 2.20 14
3 1 2 20.7 1.97 1.97 42
4 1 2 23.7 1.73 1.74 50
2 1 5 27.2 1.51 1.52 32
1T 1 6 29.5 1.39 1.39 77
o 2 2 30.7 1.34 1.37 72
3 2 2 32.3 1.27 1.26 28
2 2 4 34.4 1.20 1.19 68

Radiation:graphite monochromated Mo-Ku.



(e) (1)

Fig.1 Diagram of various manganese oxide structures.

(a) pyrolusite
(c) hollandite

(b) ramsdellite

(d) psilomelane
(e) 3x3 tunnel structure (f) lithiophorite



Sample

iy

X-ray Film

Fig.2 Experimental arrangement for taking photogfaph
on a flat-plate film.
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Fig.3 X-ray powder diffraction profiles of todorokite from Japan.
Experimental conditions.
Radiation: Cu-Ka , 35 Kv,20 mA,
Monochromater: graphite.
Scanning method: step scan, step size: 0.05°
Count time: 30 sec.
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Fig.4 X-ray powder diffraction data of todorokite.
Full scale of vertical axis is 100 cps.
The diffraction peak of higher than 100 cps. are cut.
See Fig.3 for experimental conditions.
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Fig.5 Temperature dependence of cell dimensions of
todorokite which has superstructure.



Fig.6 The crystal structure model used for calculation.
(a) 3x3 tunnel structure model.

(b) Tayer structure model.
(c) layer and bridge model.
layer model having H20 between [Mn06]1ayer.
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Fig.7 Comparison of.x-ray diffractfon data of natural todorokite

and calculated results based on the 3x3 tunnel model and
the layer model.
The intensity is expressed in terms of square root.



(a)

(b)

10 20 30 Cu-Ke
Fig.8 Comparison of x-ray diffraction profile.

(a) Todorokite from Ikeshiro mine.
(b) Calculated profile based on the layer and bridge model.
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Fig.9-(a) X-ray diffraction photograph of acicular todorokite.
distance: 30 mm.
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Fig.9-(b) X-ray diffraction photograph of acicular todorokite.
distance: 60 mm.
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Electron density section of acicular todorokite.

parallel to (010), Y=0.

Fig.10-(a)
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Fig.11  Schematic diagram of layer and bridge structure models.
The line below each model indicates the length of a-axis.

(a) a=9.87 R (b) a=24.7 R
(c) a=14.8 R (d) a=34.5 R
(e) a=19.7 R

A small square represents [Mn06] octahedron.

Rectangle represents bridge. Each octahedron shifts 1/2 b
alternately as figured by white and black. A bridge can also
shift 1/2 b depending on the position of [Mn06].



Fig.12

The relationship between crystal morphology and axial
direction (after Straczek et al.,1960).

Todorokite speéimens consist of narrow lathes or blades. .
The direction of b-axis is proved by the x-ray diffraction
photograph of acicular specimen. The direction of c-axis is
proved as the x-ray powder diffraction peaks of (001) become
strong when samples are fixed to the holder with preferred
orientation.

It has two cleavages parallel to (100) and (801). The nature
of cleavages are different with direction. As todorokite is
formed by the stacking of [Mn06] layer, it has a clear cleavage
parallel to (001).
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