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The crystal structures of warwickite, (i~IgaTi)B~Os, ludwigite, (Mg, Fe)4B2Os(MgO)~, and pinakiolite, 
(MgMna)B~Os(MgO)~, have been completely worked out. The unit ceils and space groups are as 
follows: a (A.) b (A.) c (A.) /? Space group 

Warwickite 9.20 9" 45 3- 01 - -  VI°-P ham 
Ludwigite 9.14 12.45 3.05 - -  V~-Pbam 
Pinakiolite 5.36 5-98 12.73 120 ° 3¥  C~h-P21/m 

T h e  t h r ee  minera l s  are  s t r u c t u r a l l y  closely re la ted ,  each  con ta in ing  s imi lar ly  p a c k e d  layers  or 
strips of oxygen atoms. Morphotropieal relationships are discussed in some detail. 

Warwickite, ludwigite and pinakiolite are all boron- 
bearing minerals whose mutual relationship may be 
grasped when their empirical chemical formulae are 
compared: 

Warwickite 3(Mg, Fe)O. TiO~. B~Oa 
Ludwigite 3Mg0. (Fe, Mg)O.B203.Fe~08 
Pinakiolite 3MgO.MnO.B~Os.Mn~O3 

Optical and other physical properties as well as para- 
genesis strongly suggest that  they may also be closely 
related structurally. The following is the result of our 
studies undertaken to find out the common principle, ff 
any, governing their morphotropical relations. 

For Weissenberg-Buerger and oscillation photo- 
graphs Me Ka  radiation (h = 0.710 A.) was used through- 
out these studies. 

1. The structure o f  warwickite 

(i) Material 
Warwickite crystals from Edenville, N.Y., U.S.A., 

were used as material for X-ray examination.* They are 
brownish black prismatic crystals, about 1.5 x 0.6 mm., 
embedded in limestone, from which they were carefully 
separated using HC1 (1 : 1) solution. The analysis of this 
mineral by Bradley (1909) may be well expressed, 
allowing for the small amount of magnetite and spinel 
contained as impurities, by the formula (Mg, Fe)sTiB~Os. 

(ii) Unit cell and space group 
The orthorhombic unit cell has the dimensions 

a=9-20, b=9-4~, c=3-01 +_0.01 A., 

giving the axial ratio, a : b" c=0.972" 1 • 0.318, in 
agreement with one obtained by Des Cloizeaux (1874), 
namely, a" b = 0-977 (c missing owing to lack of pyra- 

* Also prepared artificially with the ideal composition 
3MgO. TiOg. B~Oa. Powder photographs show tha t  it is iden- 
tical with the natural  mineral. A melting with the excess of 
MgO gave spinel in addition to the said minera l  

midalfaces). There are two molecules of (Mg, Fe)3TiB~O s 
in the cell. 

The space group has been determined to be either 
V~G-Pnam or C~a-Pna, with the reflexions hOl occurring 
only when h is even and the reflexions Okl only when 
k + l is even. These have been deduced from observed 
spectra in the zero, first- and second-level Weissenberg- 
Buerger photographs about the c axis. On account of 
the absence of sufficient morphological data we were 
unable to decide which of these space groups to adopt 
before we started the analysis. 

(ifi) Analysis 
An outstanding feature of the c-axis Weissenberg- 

Buerger photographs is that  the intensity distribution 
in the zero level is virtually identical with, and almost 
indistinguishable from, that  in the second level. This 
suggests immediately that  z co-ordinates of all the atoms 
in the cell must be either ¼ or ~, whether we conceive the 
structure as based on V~6-Pnam or on C~n-Pna. Such 
positions of atoms will give rise to symmetry (reflexion) 
planes passing through them and parallel to (001), 
provided that we assume the spherical symmetry of each 
ion. This reasoning has led us to prefer V~-Pnam to 
Cgj~-Pna as the working space group. The possibility of 
the latter, however, is, in the course of analysis, not to 
be entirely set aside, since we are here arguing not, as 

Table 1. Co-ordinates of atoms in warwickite 
Co-ordinates are given in decimal fractions of the axial 

lengths: a=9.20, b=9.45, c=3.01 A. Space group V~s-Pnam. 
Two molecules of (Mg, Fo)aTiB~Oa per coll. Origin a t  a centre 

of symmetry.  No. of 

atoms in 
Atom x/a y/b z/c the con 

O I 0 0.125 0.250 4 
Oii 0-250 0 0-250 4 
O m  0.236 0.250 0-750 4 
Oiv 0.016 0-375 0.750 4 
(Mg, Ti)i 0.110 0.056 0.750 4 
(Mg, Ti)i I 0.370 0.201 0.250 4 
B 0-160 0"375 0"750 4 
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u s u a l ,  i n  t e r m s  o f  a b s e n t  s p e c t r a  b u t  i n  t e r m s  o f  i n -  

t e n s i t y  e s t i m a t i o n ,  w h i c h  i s ,  o f  c o u r s e ,  n o t  a b s o l u t e .  

T h e  d i m e n s i o n s  o f  t h e  u n i t  c e l l ,  t o g e t h e r  w i t h  t h e  

v o l u m e  p e r  o x y g e n  a t o m ,  s u g g e s t  f u r t h e r  t h a t  t h e  

s t r u c t u r e  m a y  b e  b u i l t  o n  t h e  c l o s e s t  p a c k i n g .  T h e  

h e x a g o n a l  c l o s e s t  p a c k i n g  o f  o x y g e n  w i t h  1 . 3 2  A .  a s  i t s  

9 9  

r a d i u s  h a s  t h e  o r t h o r h o m b i c  d i m e n s i o n s  a = 2 . 6 4 ,  

b = 4 . 5 8 ,  c = 4 . 3 1  A .  I f  w e  d o u b l e  t h e  b a n d  c l e n g t h s  a n d  

e x c h a n g e  t h e  c a n d  a a x e s ,  w e  c a n  a p p r o x i m a t e  t h e m  

v e r y  c l o s e l y  t o  t h o s e  o f  w a r w i c k i t e ,  t h u s :  

H e x a g o n a l  c l o s e s t  p a c k i n g  a = 8 . 6 2 ,  b = 9 . 1 6 ,  c = 2 . 6 4  A .  

W a r w i c k i t e  a - 9 . 2 0 ,  b = 9 . 4 5 ,  c - -  3 . 0 1  A .  

T a b l e  2 .  I n t e n s i t y  o f  t h e  X - r a y  s p e c t r a  o f  w a r w i c k i t e  

I n t e n s i t i e s  w e r e  e s t i m a t e d  v i s u a l l y  i n  W e i s s e n b e r g - B u e r g e r  p h o t o g r a p h s .  M e  K a  r a d i a t i o n  
3 4 . 1  r a m . ;  c o u p l i n g  c o n s t a n t  1 m m .  t o  1 ° R o t a t i o n  a x i s  c.  

hkl  Io~8. Fcalc" 

4 0 0  - -  1 5 . 5  
6 0 0  v w  - -  1 0 . 0  
8 0 0  m s  8 4 . 0  

1 0 , 0 , 0  v w  6 . 2  
1 2 , 0 , 0  - -  6 . 9  
1 4 , 0 , 0  v w  8 . 0  

0 4 0  v w  1 3 . 3  
0 6 0  - -  - -  9"6  
0 8 0  - -  3"8  

0 , 1 0 , 0  - -  1 .3  
0 , 1 2 , 0  v w  - -  2 8 . 7  
0 , 1 4 , 0  - -  9 . 1  
0 , 1 6 , 0  m - -  3 1 . 2  

1 2 0  w - -  1 6 . 1  
1 3 0  m ÷  3 6 - 2  
1 4 0  m w  - -  2 1 . 2  
1 5 0  m - - 3 2 . 5  
1 6 0  m - -  2 7 . 2  
1 7 0  w - -  5 . 4  
1 8 0  ~ - -  1 . 5  
1 9 0  - -  1 2 - 7  

1 , 1 0 , 0  - -  - -  6 . 9  

2 3 0  s - -  6 2 . 3  
2 4 0  s - -  7 0 . 0  
2 5 0  m - -  2 5 - 8  
2 6 0  - -  2 . 1  
2 7 0  v w  - -  1 . 5  
2 8 0  - -  - -  4 . 0  
2 9 0  - -  - -  2 5 . 0  

2 , 1 0 , 0  - -  - -  3 . 6  
2 , 1 1 , 0  m - -  3 3 . 3  

3 2 0  m - -  3 8 . 6  
3 3 0  m - -  3 3 . 2  
3 4 0  ~ - -  3 . 5  
3 5 0  w 2 4 . 6  
3 6 0  m -k - -  4 0 . 6  
3 7 0  w 2 8 - 3  
3 8 0  - -  2 . 0  
3 9 0  - -  1 7 . 0  

4 1 0  - -  - -  4 . 2  
4 2 0  - -  3 . 4  
4 3 0  - -  - -  6 . 2  
4 4 0  v w  2 1 . 0  
4 5 0  - -  - -  2 . 0  
4 6 0  - -  - -  7 . 3  
4 7 0  - -  1 0 . 3  
4 8 0  s 8 0 . 1  
4 9 0  - -  5 . 1  

5 1 0  m w  - -  2 6 . 3  
5 2 0  m w  - -  2 5 . 0  
530 m Jr -- 36.4 

5 4 0  - -  - -  1 3 . 8  
5 5 0  m - -  2 1 . 2  
5 6 0  v w  - -  2 1 . 0  
5 7 0  - -  6.  I 
5 8 0  - -  - -  7 . 8  
5 9 0  - -  3 . 0  

5 , 1 0 , 0  - -  - -  2 . 4  

(A = 0 " 7 1 0  A . ) .  C a m e r a  r a d i u s  

hkl  IobB. /V~l¢. 

6 1 0  - -  3 1 " 0  
6 2 0  - -  - -  9"0  
6 3 0  m +  3 6 . 8  
6 4 0  m q- - -  4 8 " 0  
6 5 0  w - -  2 0 " 0  
6 6 0  - -  9"4  
6 7 0  - -  - -  0"1 
6 8 0  - -  9"7  
6 9 0  - -  13"5  

7 1 0  v w  - -  8 . 2  
7 2 0  m s  3 8 . 5  
7 3 0  - -  1 7 - 9  
7 4 0  - -  8 - 9  
7 5 0  ~ - -  1 7 . 1  
7 6 0  w 2 6 . 2  
7 7 0  - -  - -  1 1 . 3  
7 8 0  ~ 1 . 0  
7 9 0  - -  - -  9 . 5  

8 1 0  - -  3 . 0  
8 2 0  - -  - -  2 . 0  
8 3 0  - -  1 . 0  
8 4 0  - -  - -  1 1 . 1  
8 5 0  w 2 8 . 2  
8 6 0  - -  - -  8 . 2  
8 7 0  - -  1 0 . 4  
8 8 0  - -  - -  0 - 8  
8 9 0  - -  0 " 0  

9 1 0  v w  2 1 . 0  
9 2 0  - -  - -  3 . 1  
9 3 0  - -  1 4 . 3  
9 4 0  - -  - -  1 8 . 9  
9 5 0  w - -  18 .1  
9 6 0  v w  - -  2 3 . 6  
9 7 0  - -  - -  5 . 3  
9 8 0  - -  3 . 2  
9 9 0  - -  - -  1 3 . 0  

6 0 1  m - -  3 7 . 8  
8 0 1  w - -  4 - 7  

1 0 , 0 , 1  m w  3 7 - 9  
1 2 , 0 , 1  w - -  9 . 5  
1 4 , 0 , 1  w 1 3 . 0  

0 5 1  m +  - - 4 3 . 5  
0 7 1  m w  1 6 . 0  

0 9 1  v w  ~ 3 4 . 5  
0 , 1 1 , 1  w - -  3 5 . 8  

131  - -  8 . 0  
1 4 1  ~ - -  5 . 2  
151  m - t -  - - 4 0 . 0  
1 6 1  s - - 6 8 " 3  
171  m w  - -  3 . 0  
1 8 1  - -  - -  9 . 6  
1 9 1  w - - 2 1 . 7  

1 , 1 0 , 1  m 3 3 . 4  

2 3 1  m w  - -  2 4 . 4  
2 4 1  w 8 . 6  
2 5 1  - -  7 . 6  
2 6 1  - -  - -  0 . 6  

hkl  Iob~. Fcalc. 

2 7 1  - -  - - 1 6 " 9  
2 8 1  m +  - - 4 1 " 4  
2 9 1  - -  1 0 " 0  

3 1 1  m s  4 1 . 0  
3 2 1  s 6 2 . 4  
3 3 1  s 6 1 . 8  
3 4 1  w - -  8 . 4  
3 5 1  m 3 0 " 7  
3 6 1  - -  18"2  
3 7 1  - -  7"6  
3 8 1  - -  - - 1 0 " 5  
3 9 1  - -  - - 1 9 " 7  

4 1 1  m - - 3 1 " 5  
4 2 1  w 13"7  
4 3 1  s 6 2 " 3  
4 4 1  - -  5"3  
4 5 1  m w  19"1  
4 6 1  - -  - -  7"2  
4 7 1  - -  8"5  
4 8 1  - -  - -  6"3  
4 9 1  - -  7"8  

5 1 1  m w  - -  9 " 6  
5 2 1  s 6 3 " 8  
5 3 1  m w  - -  4 2 " 6  
5 4 1  - -  9"8  
5 5 1  - -  7"9 
5 6 1  - -  - -  8"7  
5 7 1  - -  - -  14"3  
5 8 1  - -  - -  2"1 
5 9 1  - -  6"1 

6 1 1  v w  19"8  
6 2 1  - -  7"3 
6 3 1  - -  - -  4"2  
6 4 1  - -  6"1 
6 5 1  m w  2 6 " 7  
6 6 1  - -  2"8  
6 7 1  - -  3"6  
6 8 1  m 4 1 " 8  
6 9 1  - -  - -  9"2  

7 1 1  v w  - - 1 0 " 0  
7 2 1  v w  10"4  
7 3 1  v w  - -  14"0  
7 4 1  - -  15"8  
7 5 1  w 2 4 " 6  
7 6 1  w - -  3 9 - 3  
7 7 1  - -  7 - 3  
7 8 1  - -  1 2 . 6  
7 9 1  - -  2 1 . 7  

8 1 1  - -  5 . 8  
8 2 1  - -  - -  1 6 . 4  
8 3 1  - -  1 4 . 8  
8 4 1  - -  - -  5 . 4  
8 5 1  m w  - -  2 5 . 2  
8 6 1  - -  8 . 5  
8 7 1  - -  - -  1 3 . 6  
8 8 1  - -  1 0 . 2  
8 9 1  - -  - - 1 2 . 0  

7-~ 
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Both cells contain the same number  (sixteen) of oxygen 
atoms. 

Start ing from this arrangement  we tried to obtain a 
structure consistent with the assumed space group and 
also with the usual conceptions regarding ionic environ- 
ment  of each constituent atom, and we then  adjusted 
the positions of the  atoms by  trial  and error. We give in 
Table 1 co-ordinates of atoms of the structure thus  
finally arrived at. Since there are in the space group 
V~6-Pnam no twofold equivalent  positions for two Ti 
atoms in the cell, we have merged them with six Mg 
atoms and distr ibuted them statist ically over two sets of 
fourfold equivalent  points. We could not find experi- 
menta l ly  enough ground for splitt ing them into two Ti 
and two Mg atoms on the one hand  and four Mg atoms 
on the other. Table 2 gives a comparison of calculated 
and observed intensities. 

(iv) Description of structure 

The structure of warwickite is i l lustrated in Fig. 1, 
projected on (001). Although largely buil t  on the 
hexagonal  closest packing Of oxygen atoms, the 
structure retains but  part ia l ly  the oxygen arrangement  
characteristic of it. The hexagonal  layers of packed 

q2 hi hz q~ q~ hi 

"' q2 

so C i 

° i 
I< b=9"45A. ~I 

0 0 0 ---°: O=B.  

Fig. 1. The structure of warwickite, (Mg3Ti)B2Os, projected 
on (001). Numbers give the height of atoms in the cell 
expressed as a percentage of the c translation. Part of the 
hexagonal and quadratic strips of oxygen atoms (cf. Figs. 2 
and 6) are traced and marked hi, ha and ql, q~ respectively. 

oxygen which, piled on top of each other, make up the 
closest pacldng in three dimensions, are no longer to be 
seen in full  extension in the structure. Instead, a band  
m a y  be thought  of, which consists of two strips, each 
forming par t  of the hexagonally close-packed layer and 
extending indefinitely only in one direction (Fig. 2 (a)). 
Such a band lies at about  64 ° to the b axis and is stretched 
parallel to the c direction (see also Fig. 6 (c)). Lying 
upon and underneath  this band there are bands slanting 
and stretched in the same way, each being composed 

of two strips taken from a quadrat ic  layer (Fig. 2 (b)), 
just  like the above-described strips from the hexagonal  
layer of oxygen atoms. These superimposed bands  make  
up the bulk of the structure. Magnesium and t i t an ium 
atoms surrounded octahedrally by  oxygen atoms, and 
boron atoms in the middle of nearly regular triangles of 
oxygen atoms, unite these bands to form a structure 
bound in every direction. The oxygen octahedra around 
magnesium and t i t an ium share either an 0 - 0  edge or 
an 0 corner with the neighbouring ones. Oxygen 
triangles around boron share an oxygen atom with the 

Fig. 2. Strips of oxygen atoms packed (a) in the hexagonal 
form, and (b) in the quadratic form. 

adjoining oxygen octahedra. Each oxygen atom lies 
either between one B and two Mg, Ti; or between one 
B and three Mg, Ti; or between four Mg, Ti. The inter- 
atomic distances are given in Table 3. 

Table 3. Interatomic distances in warwiclcite 

Distance 
Atom Co-ordination Neighbour (A.) 

B 3 Oii I 1-30 
(triangle) Oiv 1-35 

Oir 1.45 
(Mg, Ti)i 6 OI, 0~ 1.95 

(octahedron) Oii, O~* 2-05 
0~, 1.96 
OII I 2-25 

(Mg, Ti)i I 6 Oirr, O~ 2.00 
(octahedron) Oiv,, Ok, 2-20 

OII 2-15 
Or- 2-15 

OHI Oiv 2.35 
OIV Oii, 2.45 
O H, OII r 2-32 

Primes denote the equivalent atoms and asterisks atoms in 
the adjacent cell. 

2. The structure of  ludwigite 

(i) Material 

The specimen used in the following invest igation was 
from the Hol Kol mine, Suan, Korea. I t  was a radiated 
aggregate of acicular crystals of about  5 ram. in length. 
A perfect single crystal  was difficult to obtain, since 
individual  crystals for the most par t  had  a sort of 



Y. T A K ~ U C H I ,  T A K ~ O  WATA:NAB]~ A:ND T. ITO 101 

fibrous arrangement with c as the fibre axis. (The 
maximum deviation was about 5°.) This did not, how- 
ever, interfere much with our measurement. When 
powdered, the crystal showed evident magnetism. An 
analysis by Shannon (1921) may best be expressed by 
the formula 

Mg3(Fe, Mg)F%B~010, with (Fe: Mg)= (3 : 2). 

(ii) Unit cell and space group 
The orthorhombic unit cell has the dimensions 

a=9.14, b--12.45, c=3-05+0.02A.  

with the axial ratio, 

a : b : c = 0.755 : 1 : 0.252. 

This gives the value (340)^(340)= 88 ° 44' in agreement 
with (110)^(110)=89°20 ' as observed by Mallard 
(1888). The specific gravity is 3.86 (Watanab6, 1939) 
and there are two molecules of Mga(Fe, Mg)F%Be010 in 
the cell. 

Since hO1 and Okl reflexions are absent when h and ]c 
respectively are odd, the space group of ludwigite is 
either C~(Pba or V~-Pbam, between which, lacking 
morphological and other evidence, we again could not 
choose before we set out to determine the atomic para- 
meters. 

(iii) Analysis 
Similar considerations to those made with regard to 

warwickite apply also to ludwigite. In addition to the 
apparent identity of the zero- and second-level c-axis 
Weissenberg-Buerger photographs, we have found 
that  the first- and third-level c-axis Weissenberg- 
Buerger photographs are nearly identical in intensity 
distribution. The formulae for structure amplitude, 
then, allow no other positions than z = 0 or ½ for every 
atom in the cell. Ensuing reflexion planes m go through 
these points and are parallel to (001). The space group 
of ludwigite becomes automatically V~-Pbam instead of 
C~-Pba, which should, however, be retained for 
further consideration until we have successfully 
finished the analysis. 

The orthorhombic dimensions of the hexagonal 
closest packing of oxygen atoms may again be approxi- 
mated to those of the unit cell of ludwigite; ff we take 
double its a length and two and half times its b length 
we have 

Hexagonal closest packing a = 8.62, b = 11.45, c = 2-64 A. 

Ludwigite a - 9" 14, b = 12.45, c = 3.05 A. 

The number of oxygen atoms per cell is twenty in both 
cel ls .  

Starting with this ideal arrangement of oxygen atoms 
we tried to allot other atoms to appropriate positions, 
adjusting also those of oxygen atoms, when necessary, 
by trial and error. There were few alternatives for 
positions satisfying the requirements of the space group 
as well as the geometrical conditions of the constituent 

atoms. We give in Table 4 co-ordinates of atoms in the 
structure finally arrived at. Calculated intensities of 
reflexions are listed with those observed in Table 5. In 
calculation the presence of Fe e+ replacing Mg was 
ignored, since it did not much influence the result. 

Table 4. Co-ordinates of atoms in ludwigite 
Co-ordinates  are given in decimal fract ions of  the  axial  

length:  a = 9 . 1 4 ,  b=12 .45 ,  c = 3 - 0 5 A .  Space group V~-Pbam. 
Two molecules  of Mg4Fe~+BeO10 in the  cell. Origin a t  a centre  
of  s y m m e t r y .  

:No. of  
a toms  in 

A t o m  x/a y/b z/a the  cell 

O I 0" 125 - -  0"056 0 4 
OH 0"112 0-145 0"500 4 
Oii I 0"136 0"349 0 4 
Oiv 0"375 0.058 0-500 4 
Ov 0.361 0.250 0 4 
Mg t 0 0 0.500 2 
Mgii 0 0.275 0.500 4 
Mg m 0.500 0 0 2 
Fe  3+ 0.250 0.114 0 4 
B 0-288 0.352 0 4 

(iv) Description of structure 
Based like warwickite on a modified hexagonal closest 

packing of oxygen atoms, the structure (Fig. 3) may be 
described in a similar way. The band, which consists of 
two strips of hexagonally close-packed oxygen atoms, is 

/ °*/ 

t b=12'45A. ] 

Fig. 3. The structure of ludwigite, (~g, Fe)~B2Os(MgO)2, pro- 
jected on (001). N u m b e r s  give the  height  of  a toms  in the  
cell expressed as a percentage  of  the  c t ranslat ion.  P a r t  of  
the  hexagonal  and  quadra t ic  str ips of  oxygen  a toms  (cf. 
Figs. 2 and  6) are t raced  and  m a r k e d  h 1, hp, and  ql, qp, q~ 
respect ively.  

slanting, as found earlier in warwickite, at 60 ° to the 
b direction and is stretched along the c direction. Above 
and below this band lie bands also stretched along the 
same c direction. They are composed, however, of three 
strips, instead of two as in warwickite, in which oxygen 
atoms are packed together in quadratic form (see 
Fig. 6 (b) below). Magnesium and iron atoms occupy the 
centres of octahedra of oxygen atoms formed by the 
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s t a c k i n g  o f t h e s e s t r i p s ,  a n d ,  t o g e t h e r  w i t h  b o r o n  a t o m s  w i g i t e  i s  a l m o s t  t h e  s a m e  w i t h  t h a t  i n  w a r w i e k i t e ,  

i n t h e  m i d d l e  o f  t h e  o x y g e n  t r i a n g l e s ,  u n i t e  t h e  s t r u c t u r e ,  o x y g e n  a t o m s  b e i n g  e i t h e r  b e t w e e n  o n e  B ,  o n e  F e  a+ a n d  

T h e  l i n k a g e  o f  m e t a l l i c  a n d  o x y g e n  a t o m s  i n  l u d -  t w o  /Yfg; o r  b e t w e e n  o n e  B ,  a n d  t h r e e  M g  ; o r  b e t w e e n  t w o  

T a b l e  5 .  I n t e n s i t y  o f  the X . r a y  spectra o f  ludwigi te  

I n t e n s i t i e s  w e r e  e s t i m a t e d  v i s u a l l y  i n  W e i s s e n b e r g - B u e r g e r  p h o t o g r a p h s .  M e  K ~  r a d i a t i o n  ( A = 0 . 7 1 0 A . ) .  C a m e r a  r a d i u s  
34 .1  r a m .  

hkl Iobs. F,~¢.  

400  m +  62.2  
600 - -  19.4  
800  s 149.3  

10 ,0 ,0  - -  24 .0  
12 ,0 ,0  v w  53 .5  
14 ,0 ,0  - -  - -  6.0 

O40 - -  19.9 
060  .mw 60.3  
080  s 108 .2  

0 ,10 ,0  - -  13.3 
0 .12 ,0  - -  - -  4.2 
0 ,14 ,0  - -  14.5 

140 - -  - -  29.2  
150 - -  - -  23 .0  
160 m 63.7 
170 - -  26-0 
180 vw 36.9  
190 - -  - -  23.1 

1 ,10 ,0  vw  40 .0  

240  s 143 .0  
250  m s  - -  104.0  
2 6 0  - -  - -  13.2 
270  - -  0 .8  
280  - -  - -  16-3 
290  - -  - -  1-7 

2 , 1 0 , 0  - -  - -  3.1 

320 m s  68.5  
330  - -  21.2  
340 - -  19.9 
350  m - -  34-7 
360  m - -  - -  52 .2  
370  - -  - -  12.4 
380  - -  - -  28.7 
390  - -  - -  24 .4  

3 ,10 ,0  - -  38 .0  

410  - -  - -  5-1 
4 2 0  - -  - -  17.7 
430  - -  - -  1.8 
440  - -  - -  11.0 
450  - -  6.1 
460  mw 40 .0  
470  - -  - -  1.3 
480  m +  80-9 
490  - -  - -  4 .5  

4 , 1 0 , 0  m +  97.6  

510  - -  - -  4.8  
520  m - -  60.0 
530  - -  12-0 
540  - -  - -  16.0 
550  - -  - -  19.6 
560  w 49 .8  
570  v w  28.1 
580  - -  21.0  
590  - -  - -  22.8  

5 ,10 ,0  w - -  37 .0  

610  - -  7.2 
620  - -  11.5 
630  - -  2.5 
640  s 102.6  
650 raw - -  57.3  
660  - -  - -  10.5 

; c o u p l i n g  c o n s t a n t  1 t u rn .  t o  1 °. R o t a t i o n  a x i s  v. 

hkl lob,. .F,~¢. 
670  - -  - -  1"5 
680 - -  - -  14"7 
690 - -  5 .5  

710 - -  - -  7.2 
720 mw 53.0  
730 - -  17.3 
740 - -  14.6 
750 - -  - -  15.7 
760 vw - -  45 .4  
770 - -  12.5 
780 - -  19.6 
790 - -  - -  11.4 

810 - -  - -  4.9 
820 - -  14.0  
830 - -  - -  1.9 
840  - -  - -  11.4 
850 - -  - -  5 .9  
860 vw 25.8  
870 - -  - -  0.1 
880 m 59.9  
89O - -  3.2 

910 - -  0 .3  
920 vw 48.9  
930  - -  - -  4-5 
940 - -  12.0 
950 - -  12.7 
960  vw - -  40.5  
970 - -  - -  16.0 
980  - -  - -  17.6 

1 0 , 1 , 0  - -  3.1 
10,2 ,0  - -  6.3 
10,3 ,0  - -  - -  10.5 
10 ,4 ,0  m 67.0  
10 ,5 ,0  - -  26 .5  

601 mw - -  77.2  
801 - -  34.8  

10,0,1 mw - -  66.5  
12,0,1 - -  14.2 

061 - -  20 .0  
081 raw 54.6  

0 ,10 ,1  - -  22-6 
0 ,12 ,1  - -  - -  27.4  

141 - -  - - 2 0 . 7  
151 - -  - -  8.0 
161 w 54.6  
171 s - -  - - 8 4 . 6  
181 w +  57.7  
191 - -  - - 2 4 . 2  

1,10,1 v w  - -  38.4  

241 m 47 .2  
251 - -  12.8 
261 w - -  8.2 
271 - -  - -  12.6 
281 m - -  - -  57.9  
291 - -  22.1 

2 ,10 ,1  m - -  - - 5 8 . 5  

321 s 106-2 
331 s - - 9 2 . 5  
341 vw 39.7  

hkl Job,. .F~ .  
351 - -  - -  8"5 
361 m +  - - 5 8 . 2  
371 vw - - 2 0 . 1  
381 - -  - -  7 .4  
391 - -  - -  0 .4  

3 ,10 ,1  vw  43-5  

411 - -  - -  4-9 
421 m - -  28 .5  
431 - -  - -  1.8 
441 m s  - -  78 .3  
451 - -  5 .8  
461 m - -  36 .9  
471 - -  - -  2 .9  
481 w - -  25 .6  
491 - -  - -  4 .2  

4 ,10 ,1  w 39 .0  

511 - -  - - 1 9 . 8  
521 m s  91 .7  
531 m s  - -  77-7 
541 - -  - -  18.3 
551 - -  - -  7 .5  
561 w 47-3  
571 - -  - -  4-1 
581 - -  5 .9  
591 - -  5 .7  

5 ,10 ,1  w - -  - -  35 .7  

611 - -  1.8 
621 v w  32 .4  
631 - -  17.1 
641 m 53 .2  
651 - -  - -  17 .4  
661 - -  - -  33-5 
671 - -  11.1 
681 w - -  46"7 
691 - -  - -  7.7 

711 vw - - 1 7 . 6  
721 - -  28-0 
731 - -  - -  4-6 
741 - -  7-4 
751 - -  - -  6.1 
761 w - -  - - 4 4 - 0  
771 m +  - - 6 0 . 9  
781 v w  - - 4 0 . 1  
791 - -  - -  5 .2  

811 - -  - -  4-7 
821 - -  3-2 
831 - -  - -  1-9 
841 w + - -  49 .6  
851 - -  5"9 
861 - -  22.1 
871 - -  - -  0.1 
881 w 38-1 

911 v w  - 2 1 . 1  
921 - -  - - 2 9 - 3  
931 - -  - -  13.4  
941 - -  - -  5 .0  
951 - -  - -  5 .8  
961 vw 40.1  
971 w - -  - - 4 1 . 4  
981 - -  30-8 
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Fe a+ and two Mg; or between two Fe a+ and three Mg. 
The interatomic distances are given in Table 6. 

Table 6. Interatomic distances in Iudwigite 
Distance 

A t o m  Co-ordinat ion Neighbour  (A.) 

B 3 O m 1.40 
(triangle) Or, 1.40 

O v 1.50 

Fo  a+ 6 Oi ~ 2-45 
(octahedron) Ov 2.00 

OII, O~I 2"05 
Oiv, O~v 1"98 

(Mg, Fe)r 6 O~(2), O~, (2) 2.03 
(octahedron) OII, Oii,, 2"02 

(Mg, Fo)I I 6 e r r  2-00 
(octahedron) O m (2) 2-19 

O~v. 2.35 
0~,, (2) 2.01 

(Mg, Fo)I H 6 Oxv (2), O~,  (2) 2"01 
(octahedron) Ore,, O~u,, 2.25 

OHI O v 2.43 
O m 01 • 2.40 
Ov Or  2.50 

Pr imes  denote  equiva len t  a toms  and  asterisks a toms  in the  
ad jacen t  cell. 

• 3. The structure of pinakiolite 

(i) Material 
The specimen used in the experiment came from 

L£ngban, Sweden. I t  was a fine plate of the dimensions 
5 x 5 x 0.5 mm. According to Flink (1891) its chemical 
composition may be expressed as MgaNLu~+Mn]+B~O10 . 

(ii) Unit cell and space group 
The unit cell has been found to be, not orthorhombic 

as assumed earlier (Flink, 1891), but  monoclinic with 
the following dimensions: 

a=5.36_+ 0.05, b--5.98 + 0.02 A., 

c = 12-73 _+ 0.04 A., fl= 120 ° 34'. 

There are two molecules of NIgaMn2+M_u~a+B~010 in the 
cell. The transformation from the orthorhombic (Flink) 
to the new monoclinic axes may be effected with the 
matrix 004/200/035. The corresponding face indices are: 

Orthorhombic  Monoclinic 

100 010 
010 001 
001 40~ 
310 021 
011 100 

The space group is either C~h-P21/m or C~-P21, since 
the only absent reflexions were 0k0 with k odd. Lacking 
morphological and other evidence we again could not 
choose between these groups before we began to deter- 
mine the atomic parameters. 

(iii) Analysis 
We note again that  the zero- and fourth-level Weissen- 

berg-Buerger photographs about the b axis display 
almost identical intensity distribution. This, taken 
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strictly, would require tha t  every atom in pinakiolite 
should have y parameter either 0, ¼, ½ or ~. This would 
in turn give rise to reflexion planes passing through 
these points and parallel to (010). Since, however, we 
observed in the oscillation photographs about the b axis 
a few, although very faint and almost negligible, spots 
that  belong to the first and third layer-lines, there 
should be no reflexion planes through y=O and ½, 
leaving only those through y = ~ and ~. Consequently 
the most probable space group of pinakiolite is 

C~a-P21/m. 
Packing and other relations suggest tha t  this 

structure too, may be built on a scheme akin to the 
closest packing of oxygen atoms, and tha t  it may be 
closer to the structure of ludwigite rather than to tha t  
of warwiekite. 

These considerations have led us to test a tentative 
structure of pinakiolite similar to that  of ludwigite, due 
regard having been taken of the difference in symmetry 
and nature of the constituent atoms. 

The final result has been obtained as usual by the 
trial-and-error method. The atomic co-ordinates are 
given in Table 7. Calculated and observed intensities 
are given in Table 8. 

Table 7. Co-ordinates of atoms in pinakiolite 
Co-ordinates are given in decimal fract ions of  the  axial 

lengths:  a----5.36+-0.05, b=5.98+_0.02,  c=12.73+_0"04A., 
f l = 1 2 0 ° 3 4  '. Space group C~a-P2x/m. Two molecules  of  
MgaMn~+Mn~+B.zOx0 in the  cell. Origin a t  a centre  of  sym- 
me t ry .  No.  of  

a toms  in 
A t o m  x/a y/b z/c the  cell 

Or 0.239 0.250 -- 0.011 2 
OH 0"239 0-750 -- 0"011 2 
Orx I 0.175 0 0.175 4 
e r r  0.638 0 0.366 4 
Ov 0.643 0 0.180 4 
Ovi 0.202 0.250 0.396 2 
O w i  0.202 0.750 0.396 2 
Mg i 0 0 0 2 
MgiI -- 0.053 0.250 0.197 2 
Mgli I 0 0.250 0-500 2 
Mn 2+ -- 0.053 0.750 0" 197 2 
M ~  + 0-500 0 0 2 
M_~f 0.500 0 0-500 2 
B 0.500 0 0.250 4 

(iv) Description of structure 
The structure of pinakiolite is illustrated in Fig. 4. 

In packing and co-ordination it is essentially the same 
as that  of ludwigite. The strips of packed oxygen atoms 
found in the latter crystal may be traced also here, but  
stretched along the b direction. They are joined, how- 
ever, with the neighbouring similar ones to form two- 
dimensional layers. The framework of the structure is, 
therefore, made up actually of hexagonal and quadratic 
layers of packed oxygen atoms, piled on top of one 
another and not of joined strips of packed oxygen 
atoms, as in ludwigite and warwickite. Magnesium and 
manganese atoms unite oxygen atoms within each layer 
and those of the adjacent layers. Boron atoms are 
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T a b l e  8 .  I n t e n s i t y  o f  t h e  X - r a y  s p e c t r a  o f  p i n a k i o l i t e  

I n t e n s i t i e s  w e r e  e s t i m a t e d  v i s u a l l y  i n  W e i s s e n b e r g - B u e r g e r  p h o t o g r a p h s .  M e  K a  r a d i a t i o n  ( ~ = 0 . 7 1 0  A . ) .  C a m e r a  r a d i u s  
3 4 . 1  m m . ;  c o u p l i n g  c o n s t a n t  1 r a m .  t o  1 °. R o t a t i o n  a x i s  b.  

h k l  lobs" ½ F ~ c "  

2 0 0  m w  4 0 - 1  
3 0 0  - -  - -  7 . 6  
4 0 0  m 4 1 . 6  
5 0 0  ~ - -  8 . 2  
6 0 0  w 2 9 . 1  

0 4 0  v s  8 4 . 4  
0 6 0  v w  1 7 . 4  
0 8 0  m +  4 4 . 6  

0 0 4  s 4 9 - 6  
0 0 5  s 5 3 . 7  
0 0 6  m s  6 4 . 0  
0 0 7  v w  - -  1 3 . 4  
0 0 8  m 3 3 . 2  
0 0 9  v w  - -  5 . 6  

0 , 0 , 1 0  s 5 0 . 9  
0 , 0 , 1 1  v w  1 3 . 3  
0 , 0 , 1 2  m 3 3 . 0  
0 , 0 , 1 3  ~ - -  6 . 9  
0 , 0 , 1 4  m 2 0 . 0  
0 , 0 , 1 5  - -  8 . 4  
0 , 0 , 1 6  m w  2 1 - 7  
0 , 0 , 1 7  - -  1 1 . 1  
0 , 0 , 1 8  m w  1 8 . 8  
0 , 0 , 1 9  - -  1 -3  
0 , 0 , 2 0  w 1 8 . 0  

1 0 3  w - -  2 5 . 0  
1 0 4  v w  2 2 . 8  
1 0 5  - -  9 - 5  
1 0 6  - -  - -  3 -1  
1 0 7  - -  - -  3 . 8  
1 0 8  v w  - -  2 8 . 7  
1 0 9  w - -  2 4 - 5  

2 0 1  w - - 3 1 . 0  
2 0 2  m s  3 5 " 2  
2 0 3  - -  - -  4 . 5  
2 0 4  m s  5 0 . 0  
2 0 5  w "7.2 
2 0 6  w 3 0 . 1  
2 0 7  - -  2 . 7  
2 0 8  v w  2 1 . 3  

3 0 1  v w  - -  2 0 . 0  
3 0 2  w - -  1 4 - 0  
3 0 3  - -  - -  2 . 5  
3 0 4  v w  2 0 . 1  
3 0 5  - - -  0 - 4  
3 0 6  w 1 5 . 3  
3 0 7  - -  1 . 5  

4 0 1  v w  2 3 . 0  
4 0 2  m w  4 1 . 7  
4 0 3  - -  2 . 7  
4 0 4  v w  2 3 . 8  
4 0 5  - -  - -  1 . 6  
4 0 6  w 3 4 . 4  

5 0 1  - -  2 . 8  
5 0 2  - -  ' 0 . 1  
5 0 3  - -  , - -  2 . 9  
5 0 4  v w  - -  1 9 . 9  
5 0 5  - -  8 . 3  

6 0 1  ~ 3 - 7  
6 0 2  w 2 7 . 5  
6 0 3  - -  - -  1 . 2  
6 0 4  - -  1 5 . 8  

2 0 T  w 1 0 . 6  
2 0 ~  m 2 6 . 6  

h k l  Iobs. ½ F ~ c .  

2 0 g  VW - -  16"2  
2 0 3  VS 7 8 " 6  
2 0 3  m - -  2 6 " 8  
2 0 6  v s  7 1 . 0  
2 0 7  m w  - -  3 1 . 9  
2 0 ~  m +  4 3 . 5  

3 0 T  - -  1 7 . 3  
3 0 2  w - -  2 7 . 2  
3 0 ~  - -  2 . 6  
3 0 3  - -  - -  2 . 3  
3 0 3  w 13 .1  
3 0 6  w 2 0 . 2  
3 0 7  - -  - 2 0 . 9  
3 0 g  - -  - - 1 8 . 2  
3 0 9  r a w  1 8 - 2  

4 0 ~  - -  - -  1 4 . 5  
4 0 2  m 3 8 . 2  
4 0 3  v w  10-1  
4 0 4  v s  7 8 . 0  
4 0 3  w 8 . 0  
4 0 6  w 1 4 . 8  
4 0 7  v w  2 - 9  
4 0 g  m s  - -  4 6 . 3  
4 0 ~  m 2 3 - 2  

4 , 0 , 1 0  m s  5 4 . 8  

5 0 ~  - -  - 5 . 0  
5 0 ~  - -  9 . 4  
5 0 3  - -  1 4 . 5  
5 0 3  - -  - -  1 2 . 9  
5 0 3  - -  4 . 7  
5 0 6  - -  - -  7 . 0  
5 0 7  - -  - -  9 . 7  
5 0 ~  - -  - - 1 3 . 1  
5 0 ~  ~ 2 . 5  

5,0,1--0 - -  - -  3 . 2  
5 , 0 , T r  - -  - -  2 . 5  

6 0 T  - -  - -  7 . 8  
6 0 2  v w  1 5 - 3  
6 0 ~  ~ - -  0 . 1  
6 0 3  w 2 7 . 2  
6 0 3  - -  2 . 4  
6 0 ~  w 1 7 - 9  
6 0 7  w - -  1 3 - 3  
6 0 8  m w  3 4 . 8  
6 0 ~  - -  - -  4 . 5  

6 , 0 , 1 0  w 2 7 . 1  
6 , 0 , i i  - -  - 1-9  
6 , 0 , ] - 2  - -  1 7 . 8  

7 0 1  - -  5 . 4  
7 0 ~  - -  - -  3 . 2  
7 0 ~  w 2 2 . 0  
7 0 3  - -  - -  4 . 0  
7 0 3  - -  2 . 2  
7 0 ~  ~ 7 . 6  
7 0 7  - -  4 - 2  
7 0 8  1 - -  7 - 4  
7 0 9  - -  5 . 1  

7 , 0 , 1 U  v w  - -  1 7 . 6  
7 , 0 , i i  - -  1 1 . 2  
7 , 0 , ~  - -  - -  1 1 . 3  

2 2 0  w 2 7 . 8  
3 2 0  m w  - -  2 4 . 8  
4 2 0  - -  7 . 6  
5 2 0  - -  - -  1 6 . 3  
6 2 0  w 2 2 . 6  
7 2 0  - - -  - -  7 . 6  
8 2 0  w 2 3 . 6  

h k l  Iobs. 

0 2 4  m 
0 2 5  
0 2 6  m w  
0 2 7  
0 2 8  m 
0 2 9  

0 , 2 , 1 0  m w  
0 , 2 , 1 1  w 
0 , 2 , 1 2  ~ w  
0 , 2 , 1 3  
0 , 2 , 1 4  v w  
0 , 2 , 1 5  
0 , 2 , 1 6  
0 , 2 , 1 7  
0 , 2 , 1 8  
0 , 2 , 1 9  
0 , 2 , 2 0  

1 2 3  m s  
1 2 4  m s  
1 2 5  
1 2 6  v w  
1 2 7  
1 2 8  v w  
1 2 9  

2 2 1  
2 2 2  m s  
2 2 3  m s  
2 2 4  m 
2 2 5  
2 2 6  
2 2 7  w 

3 2 ~  
3 2 ~  v w  
3 2 ~  
3 2 4  m w  
3 2 ~  
3 2 ~  m w  

4 2 1  
4 2 2  m y  
4 2 3  
4 2 4  v w  
4 2 5  

2 2 2  v s  
2 2 3  m s  
2 2 4  r a w  
2 2 5  
2 2 6  s 

3 2 1  m w  
3 2 2  m w  
3 2 3  m 
3 2 4  m s  
3 2 5  
3 2 6  w 
3 2 7  w 

4 2 1  
4 2 2  w 
4 2 3  
4 2 4  m w  
4 2 5  
4 2 6  w 
4 2 7  
4 2 8  w 

½ F ~ c .  

2 8 " 9  
- -  0 " 6  

3 5 " 3  
12"2  
2 7 - 3  

- -  1"1 
15"3  
17"5  
16"9  

6"2  
12"1  

- -  9"5  
16"1  

6 - 2  
15"8  

3"1 
3"7  

2 4 - 2  
3 1 " 9  

2 - 6  
- -  2 9 " 7  

1 1 " 0  
- - 1 5 " 9  

12"5  

13"1  
3 2 " 5  
4 0 " 0  
4 5 " 2  
10"9  

2"9  
6"4  

- -  4"6  
- - 2 1 " 9  

2 0 - 8  
- -  2 4 " 5  

4 " 8  
- -  3 3 " 0  

1"0 
2 0 " 6  

7"5 
2 9 - 4  

- -  6"4  

7 8 - 4  
3 7 " 6  
2 0 " 0  

- -  3-1  
4 2 - 8  

- - 1 5 - 4  
8"9  

2 3 - 9  
- -  4 9 - 5  
- -  8"1 

2 4 " 9  
1 1 - 4  

1 2 - 9  
2 1 " 8  

9 - 8  
2 3 - 8  

- -  3 " 5  

3 5 " 9  
- -  9"5  

2 4 " 4  
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always in the centres of triangles, and magnesium and 
manganese atoms in the middle of octahedra, both 
formed of oxygen atoms. Each oxygen atom is either 
between one B and three Mg; or between one B, two 
Mg and one Mna+; or between two Mg and two Mn a+. 
The interatomic distances are listed in Table 9. 

o d - e2 

so oo m/ ql 

"-h (-h rh Eh Eh 

0 ® e= ,° ;  0 O =°; O = B  

Fig. 4. The structure of pinakiolite, (MgMn3)BgOs(MgO)2 , pro- 
jected on (010). Numbers give the height of atoms in the 
cell expressed as a percentage of the b translation. 1VIn and 
Mg H atoms are displaced slightly from their true positions 
so as to be seen. Part of the hexagonal and quadratic layers 
of oxygen atoms are traced and marked hi, hg. and ql, q~, q~ 
respectively in order to facilitate comparison with Fig. 6. 

Table 9. Interatomic distances in  29inakiolite 

Distance 
Atom Co-ordination Neighbour (A.) 
B 3 0 i i  I 1.29 

(triangle) Oiv 1.58 
O v 1.37 

Mg I 6 O I, O~, 2-00 
(octahedron) Oii, O~i. 2.00 

Oiii, O~ti, 1-94 
Mgli 6 O~ 2.06 

(octahedron) 0iii, 0ii  I, 2"00 
0~, O~, 2-16 
Ovi 2.22 

Mgli I 6 O~v, O~v. 2"46 
(octahedron) Oiv.,, Oiv,, 2.46 

O~, Ovir, 2"00 
Maa ~+ 6 O~, 2.06 

(octahedron) O m, Oli 1, 2.00 
O~, 0~, 2-16 
Or11 2.22 

Mnat + 6 Oi, Oi, 2.00 
(octahedron) 0ii, Oir, 2"00 

Or, O~,, 2.00 
Mn~i+ 6 Oiv, ely, 2.09 

(octahedron) Or1, Ovl. 2-13 
Or1 I, Or1 r 2.13 

0ii  0111 2"39 
0111 Oiv 2-40 
Oiv 0ii  2-30 

Primes denote the equivalent atoms and asterisks atoms in 
the adjacent cell. 
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4. The atomic morphotropical  relationship 
between warwickite, ludwigite and pinakioli te 

The a and c lengths of warwickite are approximate ly  
equal  to the a and c lengths of ludwigite, while the  b 
length of ludwigite is longer than  the b length of war- 
wickite by  about  the diameter  of an oxygen ion. 
Further ,  the b length of pinakioli te is nearly twice the 
c length of warwickite or of ludwigite. These dimensional  
relations are easily explicable in terms of the structures 
of these minerals. I f  we conceive of the unit  structure 
of warwickite as divided into, and composed of, a par t  A 
and its counterpart  A '  (Fig. 5 (a, b)), each representing 
the same composition M2BO 4 ( M = M g ,  Ti, Mn or Fe), 
the uni t  structure of ludwigite m a y  be prompt ly  
obtained by inserting between them slabs, B and B' ,  
each representing the composition MgO (Fig. 5 (c)). The 
structure of pinakiolite m a y  also be derived in a similar 
way from tha t  of warwickite. The component main  
blocks (designated fi_ and A') are a little modified in this 
case owing to the presence of manganese in place of 
t i t an ium or magnesium, with the result tha t  the sym- 
met ry  of the crystal is lowered from orthorhombic to 
monoclinic. The structure of pinakiolite m a y  be thought  
of as part i t ioned into rectangular patches in contrast 
to the parallel slabs in warwickite and ludwigite (as 
viewed in projections, Fig. 5 (d)) in such a way tha t  one 
patch is a little shifted in the c direction relative to the 
next  patch.  Diagrammatical ly ,  the three structures, 
extending the notations adopted by  Taylor  & West  
(1928) (see also Bragg (1937, p. 152)), m a y  be repre- 
sented by  the two-dimensional orthogonal and oblique 
matrices shown in Table 10. 

Table 10. Representation of  the structures 

Warwickite A A ' A A ' A  
A A ' A A ' A  
A A ' A A ' A  

Ludwigite A B A  "B'A 
A B A ' B ' A  
ABA 'B 'A  

Pinakiolito A B A  "B'A 
ABA "B'A 
A.BA'B'A. 

No. of oxygen 
layers or strips Composition 
4, parallel to Mg3TiB208 

(12o) 

5, parallel to (Mg, Fo)4B~Os(MgO)z 
(250) 

5, parallel to MgMnaB~Os(MgO)~ 
(OOl) 

The relations tha t  exist among warwickite, ludwigite 
and pinakiolite will be clearer ff we ignore the metall ic 
ions and consider the arrangement  of oxygen atoms 
only. The structure of pinakiolite is composed, as 
described above, of five layers of packed oxygen atoms, 
of which two are after the hexagonal  and the remaining 
three after the quadrat ic  pat tern  (see Fig. 4). We now 
divide these piled layers by  cutt ing them parallel to 
(100) into blocks of the size of two unit  cells (Fig. 6 (a)) 
and then let them slip stepwise parallel to (100) by  an 
amount  ~b (Fig. 6 (b)). The resulting arrangement  will 
be exact ly the ar rangement  of oxygen atoms under- 
lying the structure of ludwigite (see Fig. 3). From the 
point  of view of the ar rangement  of oxygen atoms, the 
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(b) Warwicki te  (d) Pinakiolite 

Fig. 5. The structures of warwickite (b), ludwigito (c) and pinakiolito (d) projected respectively on (001), (001) and (010). 
Notat ion as in the previous figures. (a) shows the unit  blocks M~.BO t and MgO from which the respective structures m a y  
be constructed by  stacking them together in the order indicated in each figure. 
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Fig. 6. Diagrams illustrating the relationship tha t  exists between the arrangements of oxygen atoms in pinakiolito (a) and 
ludwigito (b) on the one hand, and between those in a hypothetical structure (corresponding to pinakiolito) (d) and warwickit~ 
(c) on the other. The lines hz and h~ represent the traces of layers or strips of oxygen atoms packed in the hexagonal 
fashion and the lines ql, q2 and q~ those of layers or strips of oxygen atoms packed in the quadratic fashion. The unit  cells 
are also shown in projections in the respective figures. (In the hypothetical structure (d) the unit  cell of warwickito is traced.) 
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structure of warwickite is slightly different from those 
of pinakiolite and ludwigite. Let us picture to ourselves 
a hypothetical arrangement of oxygen atoms which 
consists of only four piled layers (two hexagonal and 
two quadratic), instead of five as in pinakiolite. I f  now 
we outline in this arrangement the unit cell of war- 
wickite in the position shown in Fig. 6 (d) and then let 
it slip alternately upwards and downwards by an 
amount ½b parallel to (100), making an angle of about 
64 ° with the plane of layers (Fig. 6 (c)), we shall obtain 
the very arrangement of oxygen atoms characteristic of 
the structure of warwickite (see Fig. 1). I t  is interesting 
to note that  the cleavage of pinakiolite occurs parallel 
to the layers, i.e. (001), while that  of warwickite is 
parallel to the plane of slips, i.e. (100). 

These relationships between various arrangements of 
oxygen atoms underlying the structures of warwickite, 
ludwigite and pinakiolite are all the more interesting, 
since we have previously found similar phenomena in 
the wollastonite group (Ito, 1949, p. 110). One of the 
present writers in collaboration with R. Sadanaga and 
Y. Tak6uchi, basing his argument on the experimental 
evidences obtained by him as well as by Barnick, has 
demonstrated that  we can derive the structure ofmono- 
clinic as well as triclinic wollastonite from another 

monoelinie wollastonite, protowollastonite, by slipping 
its cells alternately or stepwise. Although analogy here 
is only partial and the mechanism applies in this case 
only to the arrangements of oxygen atoms, and not to 
the entire structures as in wollastonite, it is nevertheless 
very interesting in view of the dominant role of oxygen 
in the genesis of minerals (see, for example, Barth 
(1948)). 
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The Interpretation of Diffuse X-ray Diagrams of Carbon 
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(Received 4 June 1949 and in ~'evised form 2 July 1949) 

Measurements on a carbon prepared by pyrolysis of polyvinyhdene chloride at 1000 ° C. have been 
used to study methods of interpretation of the diffuse X-ray diagrams given by non-graphitic 
carbons. Results obtained from a Fourier integral analysis are in satisfactory agreement with those 
deduced from a comparison of the experimental intensity curve with an intensity curve calculated 
for a hypothetical structure. For the high-angle part of the diagram the latter method is found 
to be preferable; it is less tedious, and gives the results with greater precision. The Fourier transform 
of the low-angle scattering is, however, of value. 

It is concluded that, in the carbon investigated, 65 % is in the form of highly perfect and planar 
graphite-like layers of mean diameter 16 A., and 35 % is in a much less organized state, giving 
only a gas-like contribution to the X-ray scattering. About 55 % of the graphite-like layers are 
grouped in pairs of parallel layers with an interlayer spacing of 3.7 A., and the remahling 45 ~/o 
show no mutual orientation. There is a mean intorpartiele distance of about 26 A. 

Introduction 

The general form of the X-ray diagrams given by non- 
graphitic carbons is well known. Diffuse bands are 
observed corresponding approximately to the positions 
of the (002), (100) and (110) reflexions of graphite, and 
there is often strong low-angle scattering. The degree of 
sharpening of the bands is frequently considered as a 
measure of progress towards graphite. The general 

trend of the phenomenon has been extensively in- 
vestigated by Riley and his collaborators (Blayden, 
Gibson & Riley, 1944) who have studied the influence of 
temperature on many different carbons. Warren (1934), 
in a quantitative study of a carbon black, confirmed by 
Fourier integral analysis the existence of interatomic 
distances close to those within a single graphite layer. 
A further important advance was made by Warren 


