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The phase region surrounding the composition (Mg,Mn);BOs, the nominal formula of the phases
ludwigite, orthopinakiolite, takéuchiite, and pinakiolite, has been investigated by powder X-ray diffrac-
tion and transmission electron microscopy. It has been found that in samples prepared at 1000°C or
higher the phases lie in the sequence ludwigite, takéuchiite, and orthopinakiolite as the composition
increases in oxygen and Mn’* content. All compounds appear to be nonstoichiometric and the
composition (Mg,Mn);BO; has no special significance at 1000°C. The commonest defect microstructures
observed were wider or narrower than normal twin plane spacings and coherent intergrowths of one
structure type in another. Pinakiolite only formed at temperatures up to approximately 900°C. An
alternative twinned form of pinakiolite, utilizing (100) twin planes, not previously observed before in
synthetic material, has been characterized. It is suggested that takéuchiite is correctly regarded as a
1:1 intergrowth of ludwigite and orthopinakiolite and that pinakiolite and ludwigite are high and low

temperature polymorphs with similar compositions.

Introduction

The phases ludwigite, orthopinakiolite,
and takéuchite are members of the pinakio-
lite family of oxyborate minerals. All have
the same idealized formula M;BOs, where
the metal M is usually a combination of octa-
hedrally coordinated Mg, Mn, and Fe. Crys-
tallographic studies (/-14) have shown that
their structures can be generated by regular
twinning of the parent pinakiolite phase.
The phases vary from each other by having
dissimilar twin plane repeat distances. In
order of increasing twin plane density the
structural series can be written pinakiolite,
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takéuchite, orthopinakiolite, and ludwigite.
The structures represented in this way are
shown in Fig. 1.

The chemical reasons for a structure to
twin have been set out by Hyde ef al. (15).
Major factors of importance were consid-
ered to be stoichiometry changes and the
generation of new cation sites. In terms of
these criteria the reasons for twinning in
the pinakiolite series of oxyborates are not
obvious. The idealized formula is constant
and no sites are created or destroyed by the
twinning operation.

To date the only plausible explanation as
to why these twinned phases should form
has been given by Takéuchi (/6), who noted
that the compositions of mineral specimens
of ludwigite, orthopinakiolite, and pinakio-
lite were M,;4,BO;, M,4BOs, and
M, \BOs, respectively. X-ray diffraction
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FiG. 1. Idealized polyhedral representation of the structures of (a) ludwigite; (b) orthopinakiolite; (c)
takéuchiite; and (d) pinakiolite. The shaded diamonds represent MO octahedra and the closed triangles
BO; groups. The unit cells are outlined. In (d) the unit cell is that of the mineral form of pinakiolite.
The arrows show the glide-twin planes needed to derive these structures from that of pinakiolite.

studies (3, 9) had revealed that the depar-
tures from the idealized composition were
associated with the existence of cation va-
cancies at octahedral sites in a part of the
structure called a C-wall. Takéuchi assumed
that the number of cation vacancies that
could be accommodated depended upon the

relative size of the C-walls. Twinning re-
duces the size of the C-walls and thus a
high vacancy concentration will drive the
structure toward untwinned pinakiolite
while a low vacancy concentration will re-
sult in the formation of the most heavily
twinned phase, ludwigite.
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According to this idea there should be a
direct correlation between composition and
twin plane density. However, the correct-
ness of this hypothesis is open to some
doubt. The composition of mineral speci-
mens of takéuchiite lies between that of lud-
wigite and orthopinakiolite rather than be-
tween orthopinakiolite and pinakiolite, as
twin plane density would require. Addition-
ally, Bovin et al. and Bovin and O’Keefe
(5-7), who examined both synthetic and
mineral specimens of oxyborates, observed
that the structure formed was more depen-
dent upon the Fe:Mn ratio than upon
oxygen-to-metal stoichiometry. The aim of
the study reported here was to try to clarify
the situation by investigating the relation-
ship between structure and stoichiometry in
more detail than reported previously.

Experimental

All samples were prepared from ‘‘Spec-
pure’’ quality MgO, Mn, MnQO,, B,0; sup-
plied by Johnson Matthey Ltd, each of
which had a quoted total metallic impurity
of less than 10 ppm. The boric oxide used
was reported to have a water content of less
than 200 ppm and was stored in a dessicator
until used. The manganese oxides used in
the preparations, Mn,0; and Mn;0,, were
prepared from MnO, powder which was
heated in a Pt crucible at temperatures of
800 or 1000°C in air for 24 hr, followed by
rapid quenching into liquid nitrogen. Under
these conditions only the desired oxides
formed, as was confirmed by weight loss
measurements and powder X-ray dif-
fraction.

Appropriate quantities of these materials
were ground together in an agate mortar,
formed into pellets, sealed into platinum
tubes using a plasma microwelder and
heated for the temperatures and times de-
tailed in Tables I-III below. After reaction
the tubes were quenched into liquid ni-
trogen.
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The phases produced were identified by
powder X-ray diffraction with a Guinier—
Hégg focusing camera employing strictly
monochromatic CrKe,; radiation and Kl
(ap = 0.62929 nm) as an internal standard.
Films were measured with respect to a scale
exposed on the film prior to development.
Unit cell dimensions were refined using
standard computer routines (17).

Samples were examined by transmission
electron microscopy to assist in phase anal-
ysis and to characterize defect microstruc-
tures. For microscopy, small quantities of
the samples were crushed under n-butanol.
A drop of the resulting suspension was then
placed on a holey carbon film and allowed
to dry before examination in a JEOL 200CX
transmission electron microscope fitted
with a top entry goniometer stage and oper-
ated at 200 kV. Only suitably aligned crystal
fragments with thin edges projecting over
holes in the support film were examined in
detail.

Results
X-Ray Diffraction

Phases found at 1000°C. Three series of
preparations lying on the MgO-Mn,0O,—
B,0; composition plane were designed to
investigate the changes brought about by
varying the boron content, (Mg,Mn),;B,0s,
the (Mg,Mn) content, (Mg,Mn),BO;, and
the oxygen content, (Mg,Mn);BO, . The re-
sults are given in Table I and shown in Fig. 2.
This figure is not intended to be an accurate
phase diagram but does map out the succes-
sion of structures found and the approxi-
mate range of composition over which they
occurred.

In the composition region closest to MgO
an (Mg,Mn)O solid solution, MO, was iden-
tified. Preparations richer in Mn often con-
tained a spinel solid solution (Mg?*,Mn?*)
Mn3* 0, (M;0,), a warwickite solid solution
(Mg,Mn)**Mn®**BO, (M,BO,), and occa-
sionally Mn,0,. The M;BOs oxyborate
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TABLE I
PREPARATIONS ON THE MgO-B,0;—Mn;0, PLANE?

MgO MnO; B0, Formula O/M Products? No.
0.0 1.0000 0333  M;Bjer0s 1.3635 M;04, W, 0

0.375  0.8750 0375 M3By450s  1.3333 M;0,, W

0.645  0.7850 0.405 M3B;50s 13123 M0, W, 0
0.9375  0.6875 0.4375 M;3Bj47505 1.2903 M0, 0

1.1265  0.6245 0.4585 M3Bg4;05 12765 M30,, O, N*

1.5 0.5000 0.5000 M;BOs 1.2500 L, T

1.95 0.3500 0.5500 M,B, ,0s 1.2195 L 1
0.0 0875 05 M,65BOs  1.3793 Mn,0y, W

0.1 0.85 0.5 M, ¢sBOs 1.3699 Mny0,, W

03 0.8 0.5 M, ,BOs 1.3514 M;04, W

0.5 0.75 0.5 M, 2sBOs 13333 M;0,, W

0.7 0.7 0.5 M, sBOs 1.3158 M;04, W, 0

0.9 0.65 Q.5 M; 3sBOs 1.2987 O

1.1 0.6 0.5 M, ¢BOs 1.2821 O, T

1.3 0.55 0.5 M, 4sBOs 1.2658 T 5
1.5 0.5 0.5 M;BO; 1.2500 T, L

1.7 0.45 0.5 M3 4sBOs 1.2346 L 3
1.9 0.4 0.5 M; 1BO; 1.2195 L, MO

2.1 0.3 0.5 M;BO, 5 1.2000 L, MO

1.8 0.4 0.5 M;BO, 1.2250 L, 2
1.5 0.5 0.5 M;3BOs, 1.2500 T, L

12 0.6 0.5 M;BOs 1275 T, 6
0.9 0.7 0.5 M;BOs ; 1.3000 M;0,, W, 0

0.6 0.8 0.5 M3BOs 3 1.3250 M;0,, W, 0

0.3 09 0.5 M;BOs 4 1.3500 M;04, W

0.0 1.0 0.5 M;BOs 5 1375  Mn,04, W

2 All samples were heated for | week at 1000°C in sealed Pt tubes.

b W, warwickite; O, orthopinakiolite; L, ludwigite; T, takéuchiite; P,
pinakiolite; N, new material; *, disordered phase; M;0,,
(Mg2* Mn?*)Mni*0,; MO, (Mgl * Mn?*)0.

phases which formed were in the sequence
ludwigite, takéuchiite, and orthopinakiolite
as the oxygen and Mn3" content increased.
Additionally some new oxyborate phases
occurred. These compounds, labeled N in
Fig. 2 and the tables, were described in an
earlier publication (I8).

A series of preparations with composi-
tions lying on the Mg, sMn, s;BO, line which
passed through the MgO-Mn,;0,~B,0,
plane toward the oxygen corner of the phase
diagram gave the results recorded in Table
II. The sequence of oxyborate phases en-
countered as the oxygen content increased
was ludwigite, takéuchiite, and orthopinaki-
olite.

Temperature variation. The reaction se-
ries used to explore phase existence as a
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function of temperature are listed in Table
III. The trends noted as samples were
heated at lower temperatures were as fol-
lows. Ludwigite evolved into takéuchiite or
disordered pinakiolite containing isolated
twin planes depending upon the temperature
of reaction. Takéuchiite evolved via ortho-
pinakiolite to M,0, or M,BO,. In some se-
ries a highly disordered material containing
aconsiderable number of planar defects par-
allel to (100) planes formed, designated as
L* in Table III. This phase could equally
well be considered a very disordered lud-
wigite or very disordered pinakiolite. In
compositions M,BO, the new phases N and
MO solid solutions were also found.

Ludwigite. At a synthesis temperature of
1000°C reactions 1, 2, 3, and 4 yielded mono-
phasic ludwigite. The composition variation
was from Mg, gsMn, 5B} ,05 (MO, 345), re-
action 1, Mg, 3oMn, ,,BOs (MO 5,5,), Teac-
tion 2, Mg, 70Mn, 3sBOs (MO, 34), reaction
3, to Mg, s\Mn, 5(BOs (MO, 1375), reaction 4.
The unit cell dimensions of a ludwigite sam-
ple produced via reaction (1) were a =
0.9231 nm, b = 1.2519 nm, and ¢ = 0.6044
nm, which compare favorably with those
of the Fe-containing ludwigites studied by
Takéuchi (1), viz. a = 0.914 nm, b = 1.245
nm, and ¢ = 0.305 nm with the exception
that the c-axis of the synthetic material is
approximately double that of the mineral.
The doubled axis is consistent with an or-
dered distribution of Mg and Mn atoms as
is found in other oxyborate minerals. The
composition range was accompanied by a
lattice parameter variation in which ludwig-
ite samples with higher concentrations of
manganese had increased unit cell dimen-
sions.

Takéuchiite. At 1000°C takéuchiite was
observed in samples which contained sig-
nificantly higher concentrations of Mn**
and oxygen than those which gave rise to
ludwigite. Three samples, reactions 3, 6,
and 7, produced only takéuchiite at this tem-
perature. The composition variation was
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F1G. 2. The existence regions for phases found in preparations at 1000°C lying on the MgO-
Mn;0,-B;0; plane. MO, rock-salt type; L, ludwigite; T, takéuchiite; O, orthopinakiolite; S, spinel,

M;0,; W, warwickite, M,BO,, N, new materials.

from Mg, ;0Mn ¢5sBOs (MO, 5s3), reaction
5, Mg, ;,oMn, 40BOs; (MO, 175), reaction 6,
to Mg, soMn; sBOs o5 (MO, 5655), reaction 7.
Takéuchiite was also produced alone from
reaction 5 at 1100°C and reaction 8, Mg, g,
Mn, 4sBOs (MO, 57), at 1200°C. At 1000°C
the O : M ratio tolerated by takéuchiite ex-
tended above the MgO-Mn,0,~B,0; plane.
The limited amount of data at other tempera-
tures suggested that the composition of ta-
kéuchiite moved toward higher Mn3* and
oxygen contents as the temperature in-
creased.

The refined powder X-ray diffraction data
for takéuchiite produced by reaction 5 at
1000°C gave unit cell dimensions a = 2.7677
nm, ¥ = 1.2580 nm, and ¢ = 0.6094 nm,
which compare favorably with those deter-
mined by Bovin and O’Keefe (¢), a = 2.750
nm, b = 1.2614 nm, and ¢ = 0.6046 nm,

for a mineral specimen. X-ray diffraction
patterns produced from the takéuchiite
specimen prepared from reaction 7 showed
a shift in the positions of the diffraction max-
ima toward higher Bragg angles compared
with those from the takéuchiite samples pro-
duced from mixtures lying on the MgO-
Mn,0,-B,0, plane, providing further evi-
dence of the existence of a composition
range for takéuchiite.

Orthopinakiolite. In general orthopinaki-
olite formed in specimens which had higher
Mn3* concentrations than those which pro-
duced takéuchiite at 1000°C. Single phase
orthopinakiolite was produced by reaction
8, with composition Mg,gMn,; ¢sBOs
(MO, 5087), between 900 and 1100°C and by
reaction 5, with composition Mg; ;,Mn, ¢
BO; (MO, 5s3), at 900°C. As with takéuchi-
ite, the limited temperature information
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TABLE 11
PREPARATIONS ON THE Mg, sMn,; sBO, LINE?

MgO Mn,0, Mn,0, Mn B,0, Formula o/M Products® No.
1.5 0.4625 0.0 0.1125 0.5 M;BO, & 1.2125 L, N*
1.5 0.4875 0.0 0.0375 0.5 M,BO, o 1.2375 L 4
1.5 0.5 0.0 0.0 0.5 M,BO, 1.2500 LT
1.5 0.4 0.15 0.0 0.5 M,BO; 4 1.2625 T, 7
1.5 0.2 0.45 0.0 0.5 M;BO 1.2875 T, M;0, 9
1.5 0.0 0.75 0.0 0.5 M,BO; 1.3125 T,0

4 All samples were heated for 1 week at 1000°C in sealed Pt tubes.
b W, warwickite; O, orthopinakiolite; L, ludwigite; T, takéuchiite; P, pinakiolite; N, new material; #, disordered
phase; M;0,, (Mg?* ,Mn>")Mn3*O,; MO, (Mg?* ,Mn’*)O. '

available suggests that the more oxygen rich
composition is preferred at higher tempera-
tures.

The refined X-ray diffraction data for or-
thopinakiolite produced via reaction 8 at
1000°C gave unit cell dimensions of a
1.840 nm, b = 1.2598 nm, and ¢ = 0.6156
nm, which are in good agreement with the
data reported by Takéuchi (1), viz. a
1.8357 nm, b = 1.2591 nm, and ¢ = 0.6068
nm, for a mineral specimen. Some variation
in the unit cell dimensions of the synthetic
orthopinakiolite samples was observed, in-
dicating a variable composition for this
phase.

Pinakiolite. In contrast to the frequent oc-
currence of the other oxyborate phases, pi-
nakiolite was produced in only a few cases
and no pinakiolite was ever produced at
temperatures above 900°C. No composi-
tional variations were discovered. Mono-
phasic pinakiolite was only obtained in reac-
tion 9 at 900°C, with a composition of
Mg, oMn; sBOs ;s (MO 5555). Only one
other preparation contained pinakiolite, re-
action 3 at 800°C.

The refined X-ray data for pinakiolite ob-
tained from reaction 9 heated at 900°C gave
unit cell dimensions of a = 1.0443 nm, b =
0.6041 nm, ¢ = 0.5441 nm, and 8 = 96.03°,
which compare favorably with those of the
mineral pinakiolite with unit cell dimensions

a =2.179nm, b = 0.5977 nm, ¢ = 0.5341
nm, and 8 = 95.83° (9). The a-axis of the
synthetic counterpart is approximately half
that of the mineral sample. The doubled
a-axis dimension is due to the C-face center-
ing of the lattice which would cause ab-
sences whenever the values of 4 + k are
odd. These absences do not occur in our
samples and we have preferred the smaller
unit cell.

Electron Microscopy

Planar faults. Crystals of orthopinakio-
lite, takéuchiite, and ludwigite produced in
this study often showed variations in the
twin repeat distance. These were revealed
as planar faults which are seen in electron
micrographs as either wider (in the case of
ludwigite) or narrower than normal lamellae
of the pinakiolite type between the twin
planes. These defects were found to lie par-
allel to the twin planes, that is, perpendicu-
lar to the [100] direction of each structure. In
many instances these faults were terminated
abruptly within the crystal lattice. As similar
structures have been illustrated before (5-7,
18-20) they are not shown here.

Intergrowth structures. Intergrowths be-
tween different members of the structural
series were often observed within the same
crystai fragment. The boundary planes were
parallel to the twin planes in both phases.
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TABLE III
PREPARATIONS AT DIFFERING TEMPERATURES?

Heating
MgO Mn;0, Mn,0, Mn B,0, Formula °C days Product? No.
1.7 0.45 0.0 0.0 0.5  M;4BO; 1100 5 L 3
1.7 0.45 0.0 0.0 0.5 M, BO; 1000 7 L 3
1.7 0.45 0.0 0.0 0.5  MyBO; 900 10 L* 3
1.7 0.45 0.0 0.0 0.5 M, sBO; 800 20 N*, P* 3
1.5 0.5 0.0 0.0 0.5 M;BO; 1200 h] L
1.5 0.5 0.0 0.0 0.5 M;BO; 1100 S L
1.5 0.5 0.0 0.0 0.5 M;BO; 1000 7 L, T
1.5 0.5 0.0 0.0 0.5 M;BO; 900 10 L*
1.3 0.55 0.0 0.0 0.5 M, 4;BO; 1200 5 LT 5
1.3 0.55 0.0 0.0 0.5 M, 5sBO; 1100 5 T 5
1.3 0.55 0.0 0.0 0.5 M, sBO; 1000 7 T 5
1.3 0.55 0.0 0.0 0.5 M, sBO; 900 10 0 5
1.3 0.55 0.0 0.0 0.5 M,yBO; 800 20 L*, M0, 5
0.9 0.65 0.0 0.0 0.5 M, 4sBO; 1200 s T 8
0.9 0.65 0.0 0.0 0.5  M,yBO; 1100 5 0 8
0.9 0.65 0.0 0.0 0.5 M,sBO; 1000 7 0 8
0.9 0.65 0.0 0.0 0.5 M, sBO; 900 10 0 8
0.9 0.65 0.0 0.0 0.5 M,eBO; 800 20 W, M,0, 8
L5 0.2 0.45 0.0 0.5 M;BO; s 1000 7 T, M,0, 9
1.5 0.2 0.45 0.0 0.5 M;BO; ;5 900 10 p* 9
1.5 0.75 0.0 0.25 0.5 MBO, 1200 7 N
1.5 0.75 0.0 0.25 0.5 M, BO, 1100 7 N* L
1.5 0.75 0.0 0.25 0.5 M,BOy 1000 7 N* L
2.5 0.5 0.0 0.0 0.5 M,BO; 1200 7 L, MO
2.5 0.5 0.0 0.0 0.5 M,BOy 1100 7 L, MO
2.5 0.5 0.0 0.0 0.5 MBO, 1000 7 L, MO

7 All samples were heated in sealed Pt tubes.

b W, warwickite; O, orthopinakiolite; L, ludwigite; T, takéuchiite; P, pinakiolite; N, new material; *, disordered
phase; M;0,, (Mg?* ,Mn?*)Mni*0,; MO, Mg?* ,Mn?")O.

No mismatch at the boundary planes be-
tween each component was ever evident,
indicating coherency between the different
regions. In general only two phases were
found intergrown in any crystal, these corre-
sponding to the phases present in the sample
as indicated by X-ray diffraction. As similar
structures have been illustrated before (5-7,
19-21) they are not shown here.

Defects in pinakiolite. Fragments of pi-
nakiolite often contained isolated twin
planes, parallel to the (201) planes referred
to the mineral unit cell (or (101) referred
to the unit cell of our synthetic samples),

distributed randomly throughout the crys-
tal as shown in Fig. 3. The diffraction
patterns from such crystals, shown in Fig.
3b, were typical of those from twinned
crystals.

An alternative type of twinning, on (100)
planes, was also found in these synthetic
samples. Fig. 4a shows a crystal fragment
containing such a twin plane. The electron
diffraction pattern from the fragment, Fig.
4b, confirms that the crystal is twinned.
From the contrast at the thin edge of the
crystal it is apparent that the twin operation
occurs at one of the flat walls of the edge
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F1G. 3. Electron micrograph (a) and electron diffraction pattern (b) of a pinakiolite crystal containing
disordered (101) twin planes. These are seen running from top to bottom in (a); the structure being
mirrored on either side of each twin boundary.

sharing octahedra. A schematic drawing of
the twin plane is shown in Fig. 5.

Many crystal fragments of pinakiolite
were observed in which defects lying on
(100) planes were more or less disordered.

Figure 6a is a lattice image of these defects.
The micrograph shows rows of white spots
lying parallel to the c-axis and is typical of
high resolution images of pinakiolite. At the
defect boundaries the rows of spots are dis-
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Fi6. 4. Electron micrograph (a) and electron diffraction pattern:(b) of a twinned pinakiolite crystal.
The twin planes lie parallel to (100) planes and are best seen by viewing the micrograph at grazing
incidence in the direction of the arrow.
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FiG. 5. An idealized polyhedral daigram representing a possible {100) twin boundary in pinakiolite.
The fault plane lies in the central flat wall of octahedra and the twinning operation involves a displace-
ment along the c-axis direction. The unit cells marked correspond to the mineral form of pinakiolite.

placed by approximately half the repeat dis-
tance along [001]. Since the structure of pi-
nakiolite is known and as the image at the
crystal edge in Fig. 6a bears a direct corre-
spondence to this structure it is possible to
interpret the image contrast in the defect
planes with confidence. A plausible struc-
tural model for the defects is shown in Fig.
6b. Defects of this type are similar, and may
be identical, to those observed in a natural
specimen of an antimony-rich pinakiolite,
reported by Hansen et al. (21).

Discussion

The results have shown that the structure
of the nominally M;BO; oxyborate phase
formed in the Mg-Mn-B-O system is de-
pendent upon both composition and temper-
ature of preparation. The composition
M,BO; itself had no special significance; at
1000°C, for example, mixtures of ludwigite

and takéuchiite were formed. The phase do-
mains of the oxyborates produced at 1000°C
are summarized in Fig. 2. Ludwigite was
observed to form with an overall O : M ratio
of between 1.2195 and 1.2375, takéuchiite
with a ratio of between 1.2625 and 1.2750,
and orthopinakiolite with a ratio of 1.2987
at 1000°C. These data do not indicate the
precise limits of each structure type as care-
ful equilibration was not carried out. The
lattice parameter changes observed, how-
ever, do indicate that these phases possess
extended composition ranges.

There is a close relationship between the
types of defect found and the gross composi-
tion of the initial oxide mixtures. In most of
the single phase samples the crystal frag-
ments were generally well ordered, excep-
tions being found most often in low tem-
perature preparations. Intergrowths were
mainly found in those samples which were
biphasic. For example, intergrowths in the
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samples between M;BO; and M, 4BOs con-
sisted of ludwigite and takéuchiite or takéu-
chiite and orthopinakiolite, depending on
the exact preparation conditions.

From a structural viewpoint the twin
plane density decreases in the order ludwig-
ite, orthopinakiolite, and takéuchiite. The
succession of structures which form as a
function of oxygen or Mn’* content at
1000°C is, on the other hand, ludwigite, ta-
kéuchiite, and orthopinakiolite. The results
clearly indicate that takéuchiite always
forms between the composition ranges of
ludwigite and orthopinakiolite. Thus the
premise outlined in the Introduction, that
there should be a smooth progression from
ludwigite via orthopinakiolite, takéuchiite,
and ultimately pinakiolite as a function of
composition, has been shown to be incor-
rect. The twin plane repeat distance empha-
sised in earlier studies is not a correct indica-
tor for the structure-composition relations
in this series.

An alternative explanation for the se-
quence found can be obtained by a consider-
ation of Fig. 7. This shows the idealized
structures of ludwigite and orthopinakiolite
with the unit cell slabs highlighted. Exami-
nation of this figure makes it clear that ta-
kéuchiite can be considered an ordered in-
tergrowth of unit cell thick slabs of ludwigite
and orthopinakiolite. It is then understand-
able that takéuchiite falls between ludwigite
and orthopinakiolite in composition. From
this perspective it is of interest to inquire
whether intergrowths other than the 1:1
ludwigite : orthopiniakolite could form.
None have been observed in this study.

The composition variations across the
composition range from ludwigite to ortho-
pinakiolite require changes in the Mn?**-to-
Mn?* ratio. As the twin planes do not alter
the composition of the matrix the change in
structure with composition must be due to
other factors. A reasonable suggestion is
that the structures form so as to minimize
the elastic strain energy in the crystals. The

463

origin of the elastic strain energy is likely to
be the Jahn-Teller distortions of the Mn?*-
containing octahedra. This usually takes the
form of two long bonds and four shorter
bonds, causing the surrounding oxygen oc-
tahedron to adopt a tetragonal form. The
crystallographic studies detailed in Refs.
(I1-15) show that such distortions occur in
all of the Mn®*-containing oxyborates. It
would therefore appear that, for prepara-
tions at 1000°C, the structure adopted when
the amount of Mn®* or elastic strain is low-
est is ludwigite and the structure adopted
when the amount of Mn?* or elastic strain
is highest is orthopinakiolite.

The Jahn-Teller distortion is temperature
dependent and in general it has been found
that the distortions decrease with tempera-
ture. Thus one would expect that the low
strain form, ludwigite, would tend to domi-
nate at higher temperatures. This is in ac-
cord with the observations. However, the
degree to which distortions can be quenched
in depends upon structure, and in the pres-
ent case the conversion of one structure
type to another requires considerable atom
movement (/9, 20). It is therefore not clear
how easily the structure which is formed
during reaction at 1000°C, which presum-
ably would be the one which minimizes
strain energy at that temperature, will
transform on cooling. Careful annealing
experiments or high temperature X-ray
studies will be needed to resolve this
question.

The pinakiolite structure appears to be
preferred to the ludwigite structure at tem-
peratures below 900°C. This suggests that
pinakiolite is also a low strain structure and
that ludwigite and pinakiolite are not at the
extreme ends of a series related by cation
vacancy concentrations but instead are low
and high temperature phases. This is consis-
tent with the fact that hulsite, an Fe-
containing pinakiolite, forms without any
Mn’* present. As the Mn®>* content in-
creased in the preparations made at 800°C
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F1G. 7. Idealized polyhedral representations of the structures of (a) ludwigite and (b) orthopinakiolite.
The length of the unit cells parallel to a are shown. The structure of takéuchiite (c) can be regarded as

a 1:1 intergrowth of ludwigite and orthopinakiolite.

pinakiolite was replaced by warwickite
rather than by any of the twinned phases
and it is not clear that pinakiolite does exist
in the presence of twinned phases apart from
in a disordered state which may be indica-
tive of nonequilibrium. Further experiments
will be needed to clarify this matter.

The (100) twinning observed suggests that
a new series of oxyborate structures may
form under some experimental conditions.

These new materials would also be related
to the parent pinakiolite structure by regular
twinning. The twin planes would, however,
lie on the (100) planes in pinakiolite as op-
posed to the (201)/(101) planes and the vari-
ous homologues would be generated by reg-
ular twin plane separations given by some
multiple of the pinakiolite a-axis repeat dis-
tance. Further study is needed to explore
this possibility.
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