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early absolute data which are probably incorrect'. 
Rather surprisingly, however, it is now apparent that 
Wollan & Harvey's final results are by far the closer 
to the true values. 

We thank the Science Research Council for a Re- 
search Studentship (R.W.M.). 
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Beraunite, a basic hydrated iron phosphate, crystallizes in the monoclinic space group C2/c with 
a0 = 20.646 + 0"005, b0 = 5" 129 + 0.007, co = 19"213 + 0"005/~,/~ = 93 ° 37' + 4' and Z =  8. Crystallochemical 
considerations and a chemical analysis of the ratio FeU/Fe m suggest the formula 

FeU0.5 Fem2.5 (OH)2.5 (PO4)2.3H20 

as the most representative for the mineral. 
The intensities from hOl to h41 were collected by Weissenberg techniques. The analysis of the crystal 

structure was carried out by interpretation of the Patterson function and by three-dimensional Fourier 
syntheses. An isotropic refinement gave a final R index of 0"066 for 898 measured reflexions. 

Fe and P show the usual octahedral and tetrahedral coordination respectively. The average bond 
length is 2"01 A for Fe-O and 1"54/~ for P-O. 

The crystal structure can be outlined as a three-dimensional framework of Fe and P coordination 
polyhedra with empty channels along the screw axes, where free water molecules are located. The 
existence of thick sheets normal to a explains the good cleavage {100}. 

Introduction 

Beraunite is a hydrated basic phosphate of iron, which 
occurs in secondary iron deposits and as an alteration 
product of primary phosphates in pegmatites. 

The mineral was first found by A. Breithaupt in 1841. 
Bo~icky (1867) assigned it to the monoclinic system 
from morphological studies and gave the first chemical 

analysis. Later Frondel (1949), on the basis of a small 
but significant content of ferrous iron revealed by the 
analysis, suggested that  beraunite, like dufrenite and 
rockbridgeite, is properly a basic phosphate of both 
divalent and trivalent iron with a ratio Fe/P of 5:4. 
Beraunite was also studied from morphological, optical 
and chemical points of view under the name eleonorite 
(Nies, 1877; Streng, 1881 ; K/Snig, 1890); Fischer in 1956 

A C 22 - 2* 
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demonstrated the identity of the two minerals and gave 
the space group, the lattice constants and the chemical 
formula. This formula, Fe6(OH)6(PO4)4.5H20, con- 
taining only trivalent iron, was assumed at the begin- 
ning of the present work. During the structural deter- 
mination, we chose the limit formula 

FeIIFe~U(OH)5(PO4)4.6H20 

as correct for beraunite, though the mineral is known 
ordinarily in a differently oxidized condition. 

Experimental 

For the structural study of beraunite, a sample from 
the Eleonore iron mine near Giessen (Germany) was 
used. The crystals are reddish brown, translucent, 
elongated along [010], with prismatic or tabular shape. 
The cell dimensions, redetermined from precession and 
Weissenberg photographs using a method proposed by 
Christ (1956), are" 

a0 =20.646 + 0.005 A 

b0= 5"129+0.007 
Co= 19.213 _ 0.005 

f l = 9 3 ° 3 7 ' + 4  ' 

From systematic extinctions, two space groups were 
possible" Cc and C2/c. For the present investigation 
the centrosymmetric space group was assumed and the 
structure determination confirmed this. The calculated 
density for eight units -'-0.s-,-2.5~'~u ~,~nx (OH)z.5(PO4)z.3H,O 
in the cell is Dx = 2.970 g.cm-3; the measured densities 
are from 2-80 to 3.08 g.cm -3 (Dana, 1951). The linear 
absorption coefficient is ¢t = 383.8 cm -1 for the Cu Kc~ 
radiation. 

For the intensity collection, a crystal with nearly 
rhombic section measuring approximately 0.04 x 0.11 
x 0.45 mm was chosen. 

Weissenberg multiple-film integrated photographs 
from the zero layer to the fourth layer were taken about 
[010] with the equi-inclination setting, using Ni-filtered 
Cu Kc~ radiation. A total of 1823 independent reflexions 
were collected; of these, 925 were not observed. 

Intensities were measured with a microdensitometer 
and different layers were put on the same relative scale 
taking into account their exposure times. Empirical 
corrections for c q -  c~2 doublet resolution were applied; 
then Lorentz-polarization and absorption corrections 
were calculated with the use of the Burnham general 
absorption program adapted for the IBM 7090 com- 
puter by Stewart (1964). 

Structure determination 

Location of  the heavy atoms 
A three-dimensional Patterson synthesis was com- 

puted. The most striking features of the maps were the 
highest peaks at v = O, ±4, ±2, 3. This suggested that the y 
coordinates of the heavy atoms were about ~-;~ or 0;¼. 

The latter y values were verified on further interpreta- 
tion of the Patterson function. In fact the occurrence 
of peaks at (¼,k,0), (¼,¼,½), r0 x la 1 x ,2, z,, (3, 2,0) and (½, ½, ½) 
allowed us to locate two iron ions in special positions 
at inversion centers (0,0,0) and (¼,¼,0). Two more iron 
ions were then located in general positions at y = 0  and 
¼ respectively. 

A three-dimensional Fourier synthesis, computed 
with the phase signs given by the iron ions, revealed 
the locations of the phosphorus atoms. By successive 
electron density maps, thirteen oxygen atoms in general 
position and one oxygen atom in a special position on 
the twofold axis were located to complete the asym- 
metric unit. 

With this set of atomic coordinates, structure factors 
were calculated, the Fe, P and O atoms being given 
isotropic thermal parameters of 0.8, 0.6 and 1.5 A z 
respectively. A discrepancy index R = Z  IIFo[--lFe[[/ 
Z I Fol of 0.13 was obtained for all observed reflexions. 

The least-squares refinement was performed with a 
program written by Albano, Bellon, Pompa & Scatturin 
(1963) for the IBM 1620 computer. The weighting 
scheme suggested by Cruickshank (1961) was employed 
and the unobserved reflexions were excluded from the 
calculations, together with the two strongest reflexions 
(314 and 10,2,0) showing extinction. 

After three cycles of isotropic refinement, each fol- 
lowed by a proper rescaling of Fo's, the R value fell 
to 0.068. 

Derivation of the new chemical formula 
In an attempt to locate the hydrogen atoms in the 

structure more easily, a distinction between oxygen 
atoms, hydroxyl groups and water molecules was made, 
assuming Fischer's formula to be correct. The results 
based on this assumption were not in agreement with 
Pauling's electrostatic valence rule. 

On the basis of Fischer's chemical formula the oxy- 
gen atom on the twofold axis is part of an H20 mol- 
ecule. This would require three of the five oxygen 
atoms in general positions not linked to phosphorus 
to be identified as belonging to OH groups and two 
as belonging to HzO molecules. According to a charge 
balance only two of these oxygen atoms seem to be 
in OH groups and three in H20 molecules. It could 
thus be that Fischer's formula with all the iron oxidized 
is not completely correct, and that in beraunite there 
is a small amount of Fe 2+, as revealed in Frondel's 
analysis. 

A microchemical analysis was performed in order 
to determine the FOI/Fe m ratio in the sample of 
beraunite under examination, a small amount of the 
mineral being dissolved in hydrochloric acid. A 
colorimetric test with c~,cGdipyridyl before and after 
reduction of Fe uI gave results in a large range with 
an average ratio FelI/Fe III of 1 : 5.9. This fact suggests 
the formula FelIFe~U(OH)5(PO4)4 . 6H20 as more prob- 
able for beraunite, though the mineral usually occurs 
in a more or less oxidized state; the result of this 
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Table  l(a).  Fractional atomic coordinates, with 
x 104o(x) 

Fe(1) 0.0000 - -  
Fe(2) 0.2500 - -  
Fe(3) 0.0438 1 
Fe(4) 0-1075 1 
P(1) 0.1050 2 
P(2) 0.4073 2 
O(1) 0-1777 5 
0(2) 0.4286 5 
0(3) O.4246 5 
0(4) 0-O942 6 
0(5) 0.4792 5 
0(6) 0-1022 5 
0(7) 0.3786 5 
0(8) 0-1295 5 
OH(l) 0.0070 5 
OH(2) 0.1914 5 
OH(3) 0.0000 - -  
H20(1) 0.3851 5 
H20(2) 0.2482 6 
H20(3) 0.2323 7 

their standard deviations and isotropic thermal parameters 
y 104~(y) z 104~(z) B(A 2) 

0.0000 - -  0.0000 - -  0.79 
0.2500 - -  0.0000 - -  1.28 
0.2689 5 0.1725 1 0.77 
0.0312 5 0.4127 1 0.74 
0-4787 9 0.0267 2 0.56 
0.0378 9 0.1822 2 0.67 
0.4819 23 0.0140 5 0.55 
0.2460 24 0.0181 5 0.64 
0.2447 26 0.4979 6 1.37 
0.4379 26 0.1028 6 1.35 
0.0443 25 0.1676 6 1.12 
0.4759 26 0.2405 6 1.22 
0-3081 25 0.1651 6 1.04 
0.3453 24 0.3645 6 1.00 
0.0493 24 0-3967 6 1.13 
0.0179 25 0.4633 6 1.13 
0.0989 33 0.2500 - -  0.85 
0.4707 27 0.3205 6 1.56 
0.0903 27 0.0969 7 1-66 
0.3509 30 0.2512 7 2.78 

Tab l e  l(b). The assumed hydrogen atom parameters 

x y z 

H(1) 0.187 0.184 0.480 
H(2) 0.012 0.882 0"375 
H(3) 0"244 0" 184 0"238 
H(4) 0"189 0.391 0-224 
H(5) 0.289 0.010 0.110 
H(6) 0-233 0"176 0"136 
H(7) 0-111 0-807 0.200 
H(8) 0-144 0-005 0"156 
H(9) 0.000 0-912 0.250 

ox ida t ion  is the loss o f  the h y d r o g e n  con ten t  w i thou t  
damage  to the crystal  s tructure.  

This  last  s t ructura l  hypothes is  requires tha t  the oxy- 
gen on the twofo ld  axis must  be cons idered  as be longing  
to an  OH group.  A bet ter  agreement  with Paul ing ' s  
rule is so achieved. 

Final refinement 
A three -d imens iona l  difference synthesis  was calcu- 

lated in an  a t t emp t  to locate  the hydrogen  a toms  in 
the structure.  The  pos i t ions  at  which  they  would  be 
expected fell in regions of  posi t ive e lectron density,  bu t  
since peaks  were poor ly  defined we located them f rom 
s tereochemical  cons idera t ions ,  t ak ing  in to  accoun t  the 
cond i t ions  for  the  existence of  hyd rogen  bond .  

Then  a last  cycle of  re f inement  of  the  heavy  a tom 
posi t ions  was carr ied out ,  inc luding  also the  cont r ibu-  
t ions  of  the hyd rogen  a toms.  The  final R value  for  all 
observed reflexions was 0-066. 

The  coord ina tes  and  i so t ropic  t he rma l  pa ramete r s  
of  Fe, P, and  O are given in Table  l (a)  wi th  thei r  
s t anda rd  deviat ions.  The  hydrogen  loca t ions  are re- 
por ted  in Table  l(b). The  observed and  ca lcula ted  
s t ructure  factors  are listed in Table  2. Fo r  the calcula- 

c/21 

o p 
(~) Fe 

©o 
0 oH 
OH20 

Fig. 1. Projection of the structure along the b axis. 
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Tabl~ 2. Observed and calculated structure factors 
k k 1 I~  PC b k t F~ pc ~, k I r,~ ;¢  

n 0 Z 2~I,1 246.2 i n 16 1~.z 16 "~ - 6 118.4 - I lSo~ 
O n 4 1 1 1 . 4  13n.8 s - 1 6  - 2~.8 18 i t~ 4 7 . Z  
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7 71,7 * 6n.o ? 

* 7 89.6 9 3 . 1  ? 

s sn.7 65.4 7 

• l 3 5 9 . 2  3 9 3 . 8  7 

3 165,1 2?9.6 7 
- 9 1 7 6 . 7  178.4 ? 

1o 1 3 6 . 4  1 2 5 , n  ? 

-1 n 44.2 7 

11 3 6 . 3  64.n 7 

. 1 1  l n l , 4  o 90.6 7 

13 41.4 7 

o11 - 42.6 ? 

13 . 3 . #  ? 

-13 1 7 3 . 6  174.2 ? 

14 1 3 1 . 2  217,0 ? 

-14 1 3 6 . 4  -13n.6 • 

I~ 2n8.8 znz.s ? 

- 1 ~  73.6 83.6 7 

16 1 4 1 . 4  1 3 3 . 6  ? 

-16 14.6 7 

17 1.4 ? 

- IT  6 3 . 6  - 6 l . n  ? 

18 - 56.2 ? 

*18 1 ~ 2 . 7  1n8.4 1 

19 1 1 . n  3 

- 1 9  103.1 1n8 . l  3 

20 11.8 6 

. z n  lZ .5  77.4 9 

Z l  9 3 . 3  l nZ .n  o 

-11 8 3 . 2  7 s . n  9 

21 * ZS.8 3 

- Z l  z .n  6 

23 3 3 . 4  9 

- 2 3  6 , 1  ! 

o 1 1 4 . +  1 1 6 . 6  9 

I 2 6 2 . 9  -376.n 9 

- I 1 2 3 . 3  • l z e . z  9 

z 1 5 . 0  9 

- 2 1 3 5 . 4  1 2 3 . 4  9 

3 167.3 1 8 4 . 4  9 

* 3 $4.1 50.2 11 

4 132.4 124.4 9 

- 4 174.1 281.0 9 

s 115.6 -122.4 9 

- 5 1 4 n , l  0153,8 9 

+ a ? . z  8 5 . 6  3 

* 116.9 1 2 9 . 6  9 

? I ? I . O  -168.8 9 
0 7  31.4 9 

8 153.3 149.2 9 

- 8 177,~ 171,0 9 

t 9 IT.+ 

* 9 Z3.0 9 

lO  0*4 9 

- I n  9 • 4n.z 
11 l n 3 . s  . 1 n 9 . 4  9 

- 1 1  120.? - 1 1 9 . 4  6 

12 13?.1 °131.0 51 

-12 * 3 2 . 6  9 

13 90,2 29.4 9 

- 1 3  1 3 . 6  9 

14 1 8 0 , 0  - 1 6 6 . 4  | 

* 1 4  • 49.2 9 

15 5 7 . 4  1 

*15 1 3 . 0  9 

16 71.Z ! 

o l 6  9 6 . 6  1~o01  1 

17 62.4 - 6 6 . 8  11 

11 - I  "P " ;3 .1  - ?a,4 

14 1 4 . 4  I1 

- IS  • 3 .n  11 

19 * 3 ~ . 8  11 

- 1 9  49.4 I1  

2~ 33.6 11 

-20 i . o  11 

Zl r,.n 11 

-21 38.4 11 

- 2 2  14.6 11 

*z$ 61.8 * 63.8 11 

n 1 9 8 . 1  2 n 6 . 2  11 

I 7 8 . *  3 1 , 6  I1  

- I * 2 2 . 2  11 

2 61.0 • 6n.o 11 

* z 68.4 3s.o 11 

3 1 1 9 , 4  1 2 1 . 8  11 

- 3 1 9 8 . 1  2 n 9 . 6  11 

4 9 S , 4  . ! n l . ~  11 

- 4 223.5 126.^ 11 
. 3 a . n  11 

- s ~1.4 ~ 6 . 6  11 

6 S l . l  11 

- • 1 3 . 4  I1  

7 56.2 11 

k I PO PC 

- 7 * 34,4 

8 1 6 ? . I  1 6 1 . 1  

o t 76.9 . 6 6 , 4  

6 0 , 6  9 1 . 6  

• 211 .n  2 2 4 . 6  

I n  1 n l . 8  9 3 . 4  

• In 140.5 140,6 

]1  8 0 . ?  - 7 6 . 6  

• 1!  2 5 . 4  

13 1 1 4 . 3  110,4 

-13 66.5 63,4 

13 3 1 . 0  

• 13 4.6 

14 164.9 -136,4 

-14 12n.$ 134.2 

15 44.2 

-13 9 7 . S  6 S . Z  

16 - 4 . 6  

- 1 4  1 2 0 . 3  1 2 4 . 8  

17 i r a . 6  - ??,4 

* IT 40,6 

18  I O t . S  1oz.z 

- 1 1  * 3 | .2  

11 6 3 . 0  6 9 . 6  

* 1 9  Z l , l  

zn M . 4  

-3o - 0 .6  

-21 73.n 68.0 

• ZZ * 9.4 

• 33  - 1 3 , 8  

1 3 l . l  1 3 4 . 1  

- 5n.z 
• 1 5 3 . 4  -167.1 

31.1 

2 0 2 , 4  1 1 8 . 6  

• 3 4 , 8  

64.4 s l . 4  

z o 1 . 1  - 1 9 5 . 4  

9 3 , 3  6 S . l  

Z61.6 0263.1 

1 6 . Z  

- 4 8 . 1  

73.0 61.0 

13.1 I 1 . 1  

• 2 1 1 , 4  - 2 1 3 . 0  

9 , Z  

3 4 . 8  

• 3 4 . 6  

• 35.4 
131 73.1 ? o , z  

o lo  11o.9 219.8 

I I  z o l . o  -169,0 
0 1 1  * 3 1 . 1  

• 12  1 6 5 , 4  1 6 6 . 4  

• 12 186.6 114,6 

13 - 17.0 
- 1 3  1]0,6 o143.0 

14 15.6 

• 14  1 6 5 . 1  1 6 2 . 4  

13 - 52.3 

• 14 13.3 83.0 

16 - 13.0 

- 1 6  37,Z 

I? 1 1 6 , |  o 1 1 1 . 0  

- 1 7  - 3 5 . 4  

11  ? ? . l  73.0 

• l l  13.6 
19 6 , 1  

-19 116.8 -118,4 

zn 65.6 7n.1 

. zo  az.o 6 9 . 4  

Z l  * 3 0 . 6  

-21 3 1 . 1  

• 21 7o.1 15,0 

n 1 8 . 2  

1 I l J . J  117,o 

- I - 33,z 

2 117,4 111.o 
- z  • 41.4 

3 4 1 . 4  

• 3 1 1 4 . 3  1 1 5 , 0  

4 1 1 9 . 5  1 6 1 . 4  

• 4 226.9 -321.0 

$ 116.3 -109.1 

- S 114.7 109.2 

6 - 5 3 . 6  

- 6 ? l . I  - 7 1 . 6  

? 1 4 3 . 3  1 3 1 , 4  

- 7 l Z ? . 2  0 1 1 7 . 6  

1 * 23.1 

• 1 1 3 9 . 1  1 3 6 . 6  

6 S l . 8  

- | 124.2 122,4 

1o 5S.2 

.1o 0 . 6  

11 - 4,4 

-11 66.6 70.3 
12 64.9 9 n . 2  

- 1 l  ° ~ I . I  

13  1 3 . 4  



L. F A N F A N I  A N D  P. F. Z A N A Z Z I  177 

Table 2 (cont.) 
I 9n  ~c h k 1 yn  p c  

11 - 1 3  - 1 7 . 1  17 , I  - 3 1 3 4 . q  - l Z 8 . n  23 

11 14 2 1 8 . 3  2 n l . 6  17 4 1 2 3 . 7  - 1 2 1 , ~  Z~ 

11 o14 - 13.0 27 o 4 43.0 23 

11 i s  3.2 I? 5 1 3 . 8  23 

11 - 1 5  7 1 , 1  76.2 I? - $ 49o4 23 

! 1  16 3 1 . 2  IT ¢ 1 9 . 8  28 

11 *16 * 5S.4 IT - 6 1S.4 23 

I I  11 1 2 . 8  I? ? 2 1 . 2  13 

11 -11 - 8.4 i? - ? . l n . n  23 

1 1 . 8  17 I 1  18 6 S.n 23 

I1 - 1 8  9 0 , 6  8800 17 - 8 71.7 - ?2.n 13 

I1  19 6 4 , 0  17 0 70.1 - 7 4 , 1  23 

11  -19 76 ,9  * 6404  | T  - q 4 9 . 3  - ~606  13 

I 1  20 - o , o  17 i n  6 3 . 4  23 

11  - 2 n  1 3 2 . 4  1 3 7 , 0  i ?  - I n  6 4 0 5  4 5 , ~  13 

! 1  - 2 1  8 3 . 3  86.4 I? I1  - 6.6 23 

13 0 - 3 . 0  17 -11 1 3 0 2  23 

13  1 5 . 6  17 12 ? t o n  1 3 . ~  25 

13 o I 1 o 3 . $  - 1 0 9 . 0  i ?  - l Z  1 3 l , l  1 3 4 . ¢  23 

13 17 13 3 9 4 . 9  ~0.4 - 1604 23 

13  - 2 1 4 , 8  17 - 1 3  * 3 3 . ~  15 

1$ 3 - 29.4 17 14 t11.3 -138.0 15 

13  - 3 103.2 91.4 11 -14 74.7 62.2 25 

13 4 218.4 21706 17 13 * 440fl 25 

13 * 4 S1.$ - 49,4 17 -15 49.4 25 

13 5 * 60,2 17 16 - 301 23 

13  - 3 2 4 . 6  l? ol6 1 5 o 6  8 6 . 4  

I $  I 8 2 . 0  1 6 . S  I ?  * 1 7  . S 2 . S  SI,4 o 

13  - I 1 1 4 , 3  1 ~ 3 . 8  17 -18 Z,n 
IS ? "47.4 17 *19 - 3104 n 

13  - I 146.s ° 1 4 3 0 6  19 o 8 1 0 0  8 0 . 4  n 

13  1 1 0 2 0 2  9 5 . 6  i !  1 2 9 . ~  

13  * 3 2 0 4 , 1  199.6 i¢ - l 1 0 1 . 4  I 0 7 , 2  

13 9 03.6 - 87.8 i ~ Z 66 . t  ¢~,z 

13 - $ 8 8 . 9  8 3 . 4  lO * 2 - 12.4 

13 10  1 0 4 . n  91.6 19 3 - 5 2 . 1  

13 - 1 0  1 4 3 0 5  - 1 2 7 , 2  19 - 3 3Oo2 

13 11 - 1 4 . 6  i o  4 - 6z .n  

13  - 1 1  l o . I  I I  - 4 4~.4 

13 11 S.4 19 5 49,2 

13  -12 - 12.0 11 * 3 41.6 

IS  13 61.1 19 6 - 21.Z 

23  - 2 1  96.6 . IO1.1  19 - 6 42,1 

13 14 87.2 93.4 19 7 o 3 , 6  

13 1 .14 - ?0.6 19 * 7 10.3 62.6 

13 13 80.4 19 8 1 4 o 8  
19 - 4 13 - 1 5  * 3 2 . 1  44.4 

lS 16 1 1 l . I  111.4 I a 9 - O.S 

13 - 1 6  . Z 3 . 4  zo - 9 22.6 

13  11 Ig  I n 1 . 8  3 4 . Z  

13  - 1 7  * 2 1 , 0  19 -1o 1 3 3 , Z  1 2 9 , 6  

15 11 9 , 1  19 I I  86.3 1 1 ~ , 2  

13  * 1 1  1 1 , 0  ? ? . 4  i m - i 1  6 0 . S  ~ 1 , 8  

13  19 l l . 8  19 12 1 1 3 . 0  140,8 

1] -11 64.8 62.4 19 -12 68.3 6 7 . Z  

IS o 1 6 1 . 0  169.Z 19 13 5 3 . 3  o 5 4 . 8  

13  1 1 3 1 , z  1 3 1 , 1  19 . 1 3  1 3 , ?  1 9 . n  

!s - 1 33.4 19 14 1 5 . 1  Sl.O 

i s  z . S1.4 19 -14 ~1.4 69.Z 

Is  - z 1 0 4 . 8  9 6 . 8  l q  13 - S . 6  
19 - l S  1 3 , 8  IS  3 * 1 1 . 6  

IS  - $ ~o,o Iq  -16 ? ,n  

IS  4 1 5 3 . 6  1 3 4 . 0  19 - 1 7  $8.0 

IS * 4 174.4 11o,o I I  .11 6.~ 

l S  3 9 1 . 9  t 6 .Z  Zl  o - Z 1 . n  
21  96.Z . 6 9 , 4  IS  - S 1 0 1 0 7  1 0 0 , 8  I 

18 6 6 8 . 4  2 ] "  - 1 5 3 , 4  

lS * 6 1 2 3 . 0  2 1 9 . Z  21 l 1 4 1 , *  142.¢ 

IS 7 121,2 12T,0 31 * Z - 2 . 4  

l S  * 7 2 1 . 1  21 3 * 6 8 , 4  

I S  a 7 . Z  31  . 3 65.1 ¢ 9 . 1  
22  4 1 2 ~ , 7  1 0 ~ . ~  IS - I 113.o I ]O,4 

l S  9 . 3 4 . z  11 - 4 - 3 s . z  

IS  * i . 1 , o  21 5 1 8 , 0  

IS  IO 44.0 21 . $ 44o4 

-1o z o . I  z l  6 lS i n .~  

15 I I  1 3 , 9  1 3 , 2  21 * 6 * 2 1 . 8  

IS - ! 1  99.Z 92.4 11 ? 19.Z 92.n 

lS 1 l  . 41,4 21 - ? 1 2 , 4  

13 - 1 3  30oZ 21 4 44.n 

|S 13 IOZ.1 lO6.Z 21 - s i n l . 8  9 ~ . ~  

IS -13 - 1 9 . 0  Zl ~ 54.1 - S8.0 
15 14 131,1 - 1 4 1 , 4  21 - 9 - 34.4 

l S  -14 . l l . e  Zl io o , z  
- i n  IS I s  3 . o  11 - 3 . Z  

15 - 1 5  • 4 8 . 0  21 I I  3 6 . ~  

IS  16 20,2 11 -11 6 , S  

15 -16 73.0 6 8 , 2  Zl l Z  3 9 . n  

IS 17 50.6 21 - IZ  - 3 2 . 6  

13 -17 103.$ 1 8 , 1  11 I$  ??.3 S Z . 4  

13 ] 1  6 . 2  31 - 1 3  ~ , 4  

l S  - 1 1  6 1 , 7  6Z.6 21 - 1 4  8,6 

13  - 1 9  * I , O  21 - 1 5  - 5 3 . 1  

JS -210 - 44,0 21 -16 33.~ 

I I  o 13904 153.6 23 n - 33,4 

I I  1 - 1 6 , 2  23  1 z 1 .  ~ 

I1 - I 16.4 23 * I ~ . 1  ?3 .4  

I 1  z 1 0 3 . 1  - 1 0 3 0 8  23 2 49.n 
z~ - z - 3 . S  17 * 2 80.? 11.4 

37 $ 1o l .2  - 1 1 4 . 1  23 3 33,2 

r~ Fr 

14~.S 151.t 
3n., 
s4.e 

- 4S.Z 

~ . 1  ss.,~ 

3 % Z  

- 22.4 
• R.I 7z.n 

~e.~ 

• S6.S 93o2 

Z.4 
- Z3.Z 

-1 n 95.8 - 81. ~ 

- 1 1  ¢.~ 

- ] 2  - 3 ] . 6  

- 1 3  ~n.4 
^ 9 4 . s  . 7 . n  

I ~ l . 3  - 69.6 

- 1 - 1 . z  

2 - $8.4 

- 2 "¢ . !  0 ~ . 4  

3 I04 

- 4 9~.4 94.6 

- 3 7 2 . 1  . 3 o . n  

- • In~.2 111.8 

z 11~.9 a23. n 

4 - 16.1 
$ , , ~ . ~  S3.4 

2~1.8 -237.~ 

~ z . s  7 1 . 8  

4 - 7 . ^  

n I l L 2  o~.z 

~a i ~ . s  I ~ . z  

11 1%¢ 

lZ 1 % s  

I~ - ss.~ 

14 ~ . ~  '~ ' .4 

l~ 1~.- * 

17 - , . z  

z ~ '¢,4 

z! %2 

zz 3~.Z 

73.1 gZ.Z 

4~.~ ~ . ~  1 
- I l ~ ] . Z  1 4 1 . ¢  

2 1¢6o9  17~.'~ 

- z * ~0~, 
3 63.~ ^ ~ . , t  

- 3 61.4 ~2.S 

4 ~ . Z  49,4 

- 4 T L I  ~6.4 

s - $.2 

- ~ 37.~ 

¢ ~4.2 - ~3.4 

- 6 4 / '  

7 830~ - T1.4 

• 7 6~0 ̂  - 9~03 

s 4.2 

- 8 24~.1 2~S.4 

I ~ . ~  

. o 90^ 

1 ~ 1 3 8 . ~  - i 1 3 . 4  

. i  n 3 3 n . ~  3 ~ . 8  

11 1~20S 9~..* 

- 1 1  9 8 . 1  ~¢04 

1z ~ . s  ~102 

- t 2  4~.4 

13 - z .z  

-13 32.6 

14 1 ~ 7 , 4  920n 

-14 6408 9S .2 

1 ~ . &4.4 

-15 3208 

• t6 93.Z ~S.¢ 

Z~.Z 17 

- 1 7  4 . 8  

i s  - ~ . 8  

o14 ~0.S 

19 3 1 . n  

. i o  - 36.Z 

2n  t 1 .  

. z  n 1 3 " . ~  1~1.z 

z1 - ~.2 

22 - t i . 4  

-1z ~ . ~  ~ s . ~  

.. z~?.~ -2¢5.4 

! - 9 0 2  

- 1 137.1 1 2 1 . 4  

1 1 5 1 . 2  14¢. n 

- 2 12304 -142. a 

3 1 3 " . ~  o l ~ z . z  

- s - z ; . ¢  

4 i ~ n . i  -1o1.z 

! ~ wc h 

- 4 138.6 143.n 3 

ZS.6 1 

- s sB.n - 3 7 . 6  l 

6 O . l  8 

* 6 5 '~ .6  47.4 l 

7 1 5 0 6  .~3. n s 

- 7 - 4 n . n  s 

6 IZZ.n 11n.z l 

o s o ¢ . 1  1n204 I 

6 9 135.2 -121.2 

. o s l , n  I 

I'~ 16803 -273.2 8 

1 r~ 9C 

1o 1 4 5 0 0  127.0 

- io 3 8 . 0  

11 - s . z  

• 11 3 3 . 6  

12 17208 13104 

- l Z  106.4 I 1 4 0 1  

13  - 48o2 

- 1 3  75.3 80.6 

14 I S . O  

- 1 4  1 ~ . 8  - 1 1 0 . 8  

IS 5 . 6  

. IS  5 o 6  

- 1  n 1 ~ 4 . 7  1 ~ 6 . ~  l 16  1 2 6 . 1  - 1 0 1 0 8  

11 t , q . n  8 - 1 6  5 7 0 8  

- 1 1  6 6 . 9  7 1 0 6  6 11 3 9 . 4  

12 - 3906 8 - 1 7  1506 

. I Z  122.9 -134.2 l . n  I 

s 13 . 3 1 0 6  

-13 zz.4 s 

14 143.9 l l l , O  l 

-14 460~ s 

i s  - 18.n 8 

- 1 3  - 6 1 . ~  I 

16  - 1 5 . 1  I 

- 1 6  7 8 . 1  9 3 0 n  10  

11 2~.n 1o 

* 1 1  3 , 6  1o 

18 1 3 6 0 1  1 5 1 . 8  IO 

. 1 8  32.6 io 
t 9  - 1 4 . ~  i o  

-19 - 310'S io 

Zn 9n,o 8404 i{1 

-2~ $ 3 0 ~  86.6 lO 

21 * S2.n 1'~ 

-21 39o2 IO 

zz T I . ?  * 7 6 . Z  10  

- zz  10 - ~04 

n 67.8 71.1 1o 

1 9 . 4  I~ 
in 32.¢ 

3 3 0 . 9  52~06 1o 

79.1 7104 1o 

* zs ,z  1o 

- 136.6 -131.6 1o 

22.4 1~ 

3~01 4ZZ.Z 1o 

2 l , n  1o 
* 83.4 8208 i o  

16  

- l l  - 3 5 . 8  

19 4 9 . 8  

- 1 9  zo.z  

20 3 7 0 0  

*U)  9 6 . 6  - 1 0 5 . 6  

* Z l  - 1Oo6 

- zz  S 1 . Z  

o 467.3 31600 

1 3 8 . 1  - 6Z.Z 

- 1 $708 

2 135.6 18006 

2 5 1 o 3  6 1 . 4  

I 1 3 . 0  

- 3 * 4.0 

4 1 3 3 . 2  1 2 1 0 6  

- 4 37.0 

5 Zg,Z 

- s * 1 0 0 4  

6 13401 1 3 4 0 4  

* 6 173.? 1 7 4 0 4  

? l z , s  - 1Oo2 

- 7 - 2904 

8 - 42.2 

- s 4n,6 

9 SO.I 

33.6 - 9  
1o 1 2 1 0 3  i n 4 0 o  

* I n  1 5 6 . 1  13106 

11 SS.6 

o l l  * 1 4 . 1  

1z 240.1 224.8 

7 9 . 1  7 1 . 2  10  

. 8 4 . 2  10  

4 1 6 . 3  4 1 4 0 4  10  

* 3 2 0 6  I n  

9 7 . 6  9 1 , 6  10  

. ZZ,n IO" 

lO 6109 5 8 .  n 1o 

-1o 9 1 . 2  8 8 0 2  10  

11 * so,o 1o 
- 1 1  $402 1o 

12  9 5 . 1  6 3 . 2  IO 
-12 26.4 IO 

13 1 6 0 l  IO 
0 1 3  0.2 IO 

14 19S.T 161.0 I0 
- 1 4  1 1 6 . 2  12604 12 

18 1 s , 8  l Z  

-16 * 6 .o  12 

16 39.2 12 

- 1 6  ZlZ.8 22~;6 IZ 

17 S6.0 12 

- i ?  106  12 

18 171,8 18400 lZ 

- 1 8  9 3 0 7  1 0 7 . 4  12 

19 1 5 . 4  12 

-11 3 5 , 4  lZ 

z n  I l L S  1 3 1 . n  12 

-Zn 430~ IZ 

21 * 35.0 11 

-21 ~.4 12 

*12 3100 61,6 12 

o zzz .o  226.8 12 

1 6 1 , 9  o 6S ,& 12 

* I * SZ.4 11 

2 ^ 1 . 9  51,o lZ  

- z * 12.o lZ 

3 - $6.~ IZ 

- 3 3 8 0 8  12 

4 II$.7 - 1 1 7 , 6  12 

- 4 11 S2.S 

5 o 1 8 . 8  iz 

- s 47.a 12  

6 $ 2 , $  i z  

- 6 3 4 0 2  i z  

I 128,4 11n.6 12 

- I - 12,$ 12 

8 134.2 121.Z 12 

- 6 1 1 6 . 4  - 1 8 0 0 6  IZ 

9 zn .n  i z  

* I 98.5 -10~,4 12 

~ 9 . n  3n3 . ,~  i 0  - i z  1 1 6 . 2  1 1 7 . 6  

i 3 1 0 7  1 6 z . 4  10  13 - 6 . 6  

- 1 3  3 2 . 6  

14  o 1 6 , 6  

0 1 4  161,4 o 1 6 9 0 Z  

IS  - S , 8  

.1s 3s,o 

16 3 1 . 6  

*16 * s . z  

11  2 1 . 1  

. 1 7  5 . 6  

18  2 , 2  

- 1 1  5 . 8  

19 8 . 0  

-1~ 8,0 

2 n  - 1101 

-2(I 1201 18,1 

o 143.o 1 4 4 , 4  

1 1 . 4  

- I 1 7 3 . 1  1 1 8 , 4  

2 - 2 6 , 2  

* 2 1 6 1 , 6  * 1 9 8 . 6  

$ - 1 4 , 4  

* 3 I . o  

4 * $ 9 , 0  

* 4 1 2 6 , 4  - 1 2 9 , Z  

s 2 5 . 6  

- s 9 5 . 1  - 9o,Z 

6 6 3 . 9  6 1 o 6  

- 6 1 5 6 . 6  1 6 6 0 2  

? - 35.6 

- 7 Z S . I  

I 17607 0 1 3 1 . o  

- 6  1 6 . 6  

q 0 0 8  

- 9 - 2.1 

i n  1 3 4 0 7  - 1 1 9 0 6  

-1o 1 1 1 0 3  1 1 1 , 2  

11 6 1 . 6  1 3 . 4  

* H  3 0 0 6  

12 72.1 17o2 

- 1 2  7 2 . T  ¢ 4 . 1  

13 . 4c.n 

- 1 3  3504 

14 1 ( ~ , 3  8 5 . 4  

*14 114.7 °11208 

IS  - 1.n 
- I S  ~?.4 - 7Z.Z 

I~ S7.6 

- 1 ,  1 l . ~  

17 - 19.6 

- 1 7  ! 1 ,0  
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k k 1 F~ r c .  ~ k t ro FC" 

Iq  z n 4 , ~  2 1 4 . ~  

-1o - 1 % 4  

11 - t ~ . 6  

- 1 1  4 - . a  

] z  3 3 . n  

13 17.2 

- 1 3  - 7.Z 

14 3 ? . 4  

- 1 4  p , ' %  '~ l n l , S  

* I S  3 4 . Z  

-I~ - 1 1 . ~  

- 1 7  1 , 8  

o 1 0 9 , 8  1n.~.4 

1 - l S . S  

" | 4 7 . 5  

2 49 . n  

- z 8 0 , 5  9Z.8 

3 S.6 

3 3?  .6 

4 117.8 J 3 3 . 4  

• 71.4 - 87.2 

5 - $7.0 

- 5 42, '~  

6 124.4 "128,~' 

- 6 5 3 , 8  

15 28.~ 18 

-15 97.1 94.~ 18 

19 - 4n.Z 15 

-19 15 - z~.a 
-2n 15.6 18 

68.~ 97.4 18 

15 31.Z 

46.4 ts 

- 8Z.S 18 

S S . 3  9 0 . 8  18 

- 9 . n  18 

1 1 2 , 7  * ] 0 8 . 4  18 

- 5 5 ° 8  16 

59 . o  Zn 

~.z 1o 

z~ 1 5 , Z  

1 0 9 . 4  121.2 2 ~ 
- 148.4 1 4 4 . 6  Z ~ 

- $1.z 1o 

? 41.6 i n  
8 s.a Zn 

- 8 1o 84.1 

9 . 4 3 , 4  lO 

- 8 61.4 z~ 

i o  40.Z z~ 

. 1 o  1o 14.2 
11 - 0 -~  

-11 1~.~ 
lZ 3 8 , 4  

- IZ  29.0 2n 

13  - zz .z  zo 

-13 ]1 .1  1~ 

14 18.0 2O 

- 1 4  7 3 . 7  8n.4 l O  

IS zn.~ 1o 

- 1 s  3 3 , 6  zo 

18 1 1 7 . 3  1 1 4 . n  20 

10 -16 1 ~ 0 . 5  i o 4 , n  

17 S.6 2~ 

- 1 9  s . z  zo 

1 9 5 , 0  l ~  i s  

-18 147.9 14~.8 lZ 
- 1 o  Z ~ . 4  == 

-Zn ? 0 , 4  8 6 , 4  

0 

1 

- 1  - 56o8 zz 

z 8~.1 22 

. z 63.8 5z .z  1z 

3 * 8.4 21 

- 3 13.6 zz 

4 l ? . Z  22 

• 4 17o6 22 

s - 57.0 22 

- s 42.~ 22 

6 10.6 11 

- 6 6 3 . 8  - 67.2 lZ 

7 7 5 . 4  69.2 ZZ 

- ? * 3 7 . n  21 

8 69.Z IZ.Z 22 

- 8 75. ]  - S S . S  zz 

9 * I ? . ~  22 

- 9 0.0 12  

10  1 1 0 . 8  1 1 5 o ~  24  

- 1 0  1 4 3 , o  - 1 4 4 . 2  1 4  

11 - 3 5 , 2  24  

- I I  $.~ 14 

l Z  ~.2 18 

-12 - 31.'~ 14 

15 . / 9 . 6  14 

-15 Z.6 

14 - ] o , s  

ol4 6 1 , 9  5 7 ° 8  

lS 4.0 

-15 1 3 . S  

16 I . Z  

- 1 6  o 1 3 . n  

17 4 1 . 8  
o 1 7  • 4 . ~  

- 1 |  16.8 
ol5 i o . z  

o 1 4 5 . 9  1 4 3 . 0  

1 - 3 1 . 4  

- 1 Sn.4 

z 35.6 

o 2 251.8 244,4 

$ 1 ~ . 8  

- $ 84.4 

4 1 7 4 . 7  111.~ 

- 4 - I O . S  

5 o 1 4 . 0  

- 5 1 5 . l  

6 - Z4.4 

- 6 15.6 

7 45,8 

- 7 :'9.6 * 72.4 

i ~ 1 . 4  

2 8 151.7 1~I.8 

2 3no4 

- • 17.6 

2n 7 19.z 

z0 - 7 . 1 7 . 0  

10 8 60.3 79.,~ 

- a 12~.8 186. n 

9 3606 

- ' 5  ~.z 

l b  4 8 , 4  

- 1 o  5 4 , 8  

11 . o . t~  

- I I  8,2 

lZ - 41/*' 

- l Z  4 9 . 8  

- 1 3  17.S 

-14 2 5 . 8  

- i s  5.2 

~' 6.4 
1 SZ.6 

22 - I 3 n . 1  

21  2 1 1 1 , 8  1 1 0 . 4  - 6 3 . 5  

34.2 12 .2- - 2 2 6 . 4  

3 1 9 . ~  

- 3 * 47.0 

4 116.2 1 1 1 . o  

4 m6.8 89.4 

5 - 13.6 

3.8 T ~ 
6 30.1 

- 6 9n.? S2.Z 

? - 26.0 

- ? 1 9 . 8  

4404 

- 15'%2 1 4 2 . 8  

• S.4 9 

• ~t 1 9 . 4  

° I n  1 1 1 . 5  1 1 5 , 8  

- 1 1  S.8 

- 1 2  ° 6 , 2  
o 150.7 -14n.8 

- l - 4,4 

- 2 - 4 3 . 8  

- 3 - 3 5 . 8  

- 4 80,0 82.4 

- s 4%2 

- 6 - 5 9 . 0  

1 l n z , 4  19~9, z 

2 1 1 1 . 7  118.0 

- z 39.n 

3 90 . '~  - 9 1 , 0  

- 3 1 5 5 . ~  1 4 8 , 2  

4 1 1 6 . 1  I15.$ 

- i 232.0 -148.4 

s I~1.5 - 1 4 1 . 4  

- 3 218.6 2 1 4 . 4  

6 43.1 - 4 5 . ~  

- 6 3 9 . 8  - 3~.4 

7 233.3 232.4 

- ? 11900 -142.~ 

- 8 16.8 

9 9 3 . 8  - 7 9 . 8  

- 8 45.7 ~ 3 . 4  

I n  1 9 9 . 4  1 7 ~ . 6  

- 1 ~  l O . S  

I1  - 45.2 

- 1 1  1 2 6 . 8  1 3 9 . 8  

12 9 9 . 9  ) n 3 0 ~  

- 1 1  49.6 

13 75.1 7 2 , 4  

ol3 49,4 

14 1 4 1 , 6  134o n 

IS  81.~ - 510,~ 
- 1 3  124.6 1 5 n . o  

1~ 9 1 0 5  7 4 . 4  

Table 2 (cont.) 

17 - 9.8 

-17 41.4 

16 9.Z 

"12 ~3.6 

19 98.n 98.1 

- 1 ~  6 4 . 1  67.S 

10 6.6 

- I n  78.3 9 1 . 6  

11 48.8 - 53.0 

-11 sT.s 61.~ 

o 58.2 61.Z 

1 x a . 3  ST.S 

• 1 42.5 - 79.6 

1 92.5 ~ 7 . 8  

- z  

3 1 ~ 6 . 5  - 1 ~ 8 . 0  

- 3 1 3 4 . 1  - 1 6 4 0 4  

4 Z~8.n ZSS.4 

- 4 6e~.4 - ? s . n  

s 1 4 9 . 3  -14906 

- $ 4 3 . 1  - 47.~ 

6 1 0 9 . 9  1 0 7 . 8  

- 6 1 2 9 . 3  1 5 3 . 0  

7 1 0 . 6  

• ? 132.3 - I ~ 9 , 4  

8 - 3 L Z  

- 8 1 8 8 . 5  1 8 3 , 4  

9 1 1 9 0 0  - 1 6 4 . 0  

- 9 ~ 7 . 5  . 7 n . o  

1o 185. l  167.8 

- 1 o  3 1 . 6  - 5 1 . 8  

I1  - 1 6 , 6  

• 11 69.$ 86.0 

12 4~.8 

- 1 2  85.8 72.4 

13 s ' r .~  7 4 . 6  

- 1 3  - 4 3 . 0  

14 7 3 o 8  ? 9 . 0  

- 1 4  81.4 ? ~ . 8  

15 6 4 . 5  - ~ l . n  

- i s  8 8 . Z  9 5 . 8  
i~ 111.4 1 3 5 . ~  

- 1 ~  - S3.n 

17 7 8 . 2  - 73.4 

-17 - 14.~ 

is  L 4  

* i s  1 ~ 3 . 1  1 1 3 0 8  

19 1 1 . 8  

- 1 5  - 57.4 

zo 28.8 

-10 5 ~ . ~  

21' '~?.5 - s 6 . n  

- l l  - 8.8 

n 9 S . S  l O Z . x  

1 0 o . $  s s . s  

- 1 .  30.4 

2 ~5..r - 5 4 . 8  

• z 91.1 96.8 

3 9 6 . 9  1 ' ~ . 8  

• 3 7 8 o l  - a ~ 0 2  

4 1 1 0 . 7  1 7 6 . n  

- 4 l ~ ? . l  1 3 2 . 6  

1 5 4 . 8  l S S . q  

- ~ 9 1 . o  ln7o6 

6 1 1 8 0 7  I ~ 8 . 4  

- 6 1 5 3 , 4  1"0.8 

? 63.4 82.,~ 

• 7 101.5 110. l  

e 1 7 . ~  

• s 58.~ 64.1 

- 2 7 . Z  

- 9 - 3 9 , 6  
i n  

5 I vn  ;C  h k I PO PC 

- 2 1 3 % 1  1 3 S . 4  11 5 - 1 2  3 * 4  

3 9 9 . 9  - 1 0 5 . 4  11 3 13 8 4 . 0  - 8 7 o 8  

- 3 1 3 9 . 3  - 1 4 6 . n  11 $ - 1 3  1 0 3 . 2  1 0 1 . 2  

4 1 0 8 . 9  - 1 0 ~ . 4  11 3 14 1 2 4 . 9  1 2 $ . 0  

4 1 1 9 . 5  1 1 1 . 2  11 5 - 1 4  2 1 , i  

s 9 7 . 3  9 4 . x  I I  3 15 - 3 1 . 4  

- 5 - 3 . 1  11 3 * 1 5  - 2 1 . 2  

6 7~.4 67.^  11 3 16 3 7 . 8  

- ~ l . n  11 3 -16 5 3 0 6  - 6 8 , 2  

- 19.4 11 3 17 - 0.4 

- ; 7.8 11 3 - 1 7  65.6 - 62.8 

1 ~ 8 . l  1 n 2 . 1  11 3 - 1 6  5 9 . 9  6 1 o 1  

- 8 1 1 . 0  13 3 o - 9 . 3  

~4.9 - 4~.1 15 3 1 7n.4 - 78.4 

9 114.3 - I 11 .6  13 3 - 1 18.0 

i n  68.Z ~3.4 15 3 z 85.3 4 0 . 8  

- i n  7o.4 67.0 13 $ - 2 2 2 . t  

11 3 9 . 8  13 3 3 1 3 7 . 1  1 4 1 . 1  

-11 - 44.4 13 3 $ 62.3 6000 

12 1 9 . n  13 3 4 2 O 9 . 6  2 1 1 0 4  

-12 38.4 13 3 - 4 13.1 

1~ 1 ~ . 8  * 1 1 4 . 8  13 3 5 1 6 , Z  

- 1 3  *r~.8 - 7 7 . o  I $  5 - S 1 0 7 . 6  - 1 0 2 . 8  

14 ez.9 - 7 S . S  13 3 6 5S.5 8 9 . 8  

- 1 4  1 1 9 . 8  1 2 t . ~  13 3 - 6 5 6 , 8  4 8 . 0  

15 - 4 r . . 4  13 $ 7 - 5 4 . 4  

- i s  1 3 6 . 4  - 1 5 2 . 6  15  3 - ? s 7 . 1  s z . 4  

1~ 13.4 I $  3 l 7902 71°4 

- 1 6  9 1 . 8  9 5 . 8  13 3 - 6 1 2 6 , 8  1 2 0 . 6  

17 4 7 . 8  I$ 3 6 4000 84.2 
. 1 7  3 8 . 1  I $  3 - 5 8 5 . 1  7 7 . 8  

IS  Z9.~ 13 3 1o S l . O  

o 1 8  - 16.0 13 3 - 1 0  o 2 4 , 2  

19 3 4 . 8  13 3 11 s .o  

- 1 9  - 3 7 . n  13 3 - 1 1  * 3 1 . 6  

- I  ~ 2 l . ~  13 3 12 1 1 0 6  

13  $ - 1 2  70.8 - 57.6 n 5,~ .4 4~..6 

1 - 18o2 13 3 13 12,0 

- I 1 8 3 . 9  197.~ 13 3 - 1 3  1 1 1 . 0  1 0 2 . 6  

2 ~7 . l  '13 3 14 115.8 1 2 5 . 4  

- 2 1 1 3 . S  121.8 15 3 - 1 4  44.2 - 470| 

3 105.4 - 93.6 13 3 15 1 0 4 0 0  1 1 1 . 4  

- 3 3 1 . ~  13 3 - 1 5  2 ~ . I  

4 7 1 . 2  ~- 6 5 . 4  1 3  3 - 1 6  o 10,6 

- 4 8.8 13 3 - 1 9  39.0 

3 1 1 9 . 1  1 1 4 . 4  13  3 - 1 8  5 8 . 2  6 6 . 8  

- 5 1 2 5 . 6  1 1 8 . 0  IS  3 ' o l O O . 3  88.8 

6 1 3 2 . 3  - 1 2 4 . 8  IS  $ 1 1 2 8 . 2  - 1 3 1 0 6  

- 6 - 26.6 15 3 - 1 5 4 . 5  * 82.2 
? 9~.4 I 0 1 o 6  is 3 2 2 6 . 6  

- 7 4 3 . 0  15 3 * 2 1 1 1 . 7  1 0 3 . 2  

S 1 3 . 6  IS  3 3 1 1 7 . 6  ! 1 9 o 6  

- S SS .S  8 0 . 4  15 3 - 3 28,0 
$ 32.0 15 3 . 4 31.0 

9 - 3 9 . 8  15 3 4 1 6 1 . 5  1 5 9 . 4  

1o 1 1 7 0 3  1 0 6 . ~  15 3 s - 19.2 

- I  n 1 4 1 , 2  14?.2 15 3 - $ 1 4 6 , 3  o 1 4 8 o 8  

I 1  133.0 1 2 8 . 4  15 3 6 7 6 , 6  7 2 , 2  

- 1 1  $ ~ , 0  IS  3 * 6 1 4 7 , 5  1 4 0 , 6  

12 84.4 48.0 15 3 ? 1 1 3 . 6  * l l Z . O  

- 1 2  76.2 ?7.6 15 3 - ? 47.4 

3 13 6 4 , 4  - Ag.O 15 3 4 77o3 77.0 

3 - 1 3  1 0 7 0 5  1 n 3 . 8  15 3 ° 8 7 0 . 4  6 5 0 8  

.~ 14 50.8 15 $ ~ 48,4 

3 - 1 4  177.6 1 9 3 , 0  15 3 - $ 63.0 56.0 

$ 15 - 2.6 IS 3 1o * 1 9 , 0  

3 - 1 5  Z 4 . S  15 3 * 1 o  2 8 , Z  

15 3 11  8 ~ . 7  4 0 . 6  3 16  2 1 . 8  

3 o l 6  4 , n  15 3 0 1 1  134.6 0 1 3 6 . 4  

3 17 1 3 3 . 8  1 2 7 . 2  15 3 12  - ss .z  
3 - 1 7  ~ 6 . 0  15 3 - 1 1  9 , 8  

3 18 1 8 0 8  15 3 13 6 9 ; S  * 6 5 . 0  

3 *18 - 1 1 . 4  15 3 -13 - 8.8 

3 19 18.6 IS $ 14 * 56.4 - %4 

. i o  7.'~ 3 - 1 9  - 5.4 15 3 - 1 4  5o6 

11 ~o.~ 3 - ~  9 8 . Z  9 2 . 4  15 3 15 9 4 . 1  6 8 . 8  
-11 85.9 ~S.~ 11 3 15 3 - 1 5  63. r~ - ~7.Z - 43.2 

12 - ~ % 8  ~ 9 . 7  ~ 5 . 8  15 3 - 1 6  6 6 . Z  1 3 . 2  

1 9 . 2  11 3 - 15 3 - 1 7  6 1 . 9  * 67.8 

11 $ 
- 1 2  

13 9 0 . ~  " 1 . 6  I1  3 
- 1 3  - Z~.8 I i  3 - 

14 1~5.I 98.8 11 3 

-14 - 45.4 It 3 - 

lS  ^ 7 . 1  7 2 . s  11 3 

- 1 5  8 8 . 2  9 6 . z  11 3 - 

16 l ( . 2  11 

-1~ 4Z." 11 3 - 

19 52.4 I1  3 

0 1 9  9 2 , 9  85.6 I I  3 - 

e n . 7  8 1 . 6  

1 4 7 . 8  l ~ n . 8  17 $ 0 8 2 . 1  8 6 . 8  

4 9 . 4  17 3 1 - SO.O 

1 1 2 . 4  - 1 1 3 . ~  17  3 - 1 5 3 . 6  

- l L 4  17 ~ 1 1 7 . 4  

1 3 1 . Z  1 1 4 . o  17 3 - Z ' )o2  

1 3 1 . 9  - 1 1 9 . 2  17 3 3 9 8 . 8  9 1 . 8  

1 ~ 8 . 8  - I n 6 . 2  I ?  3 - 3 1 1 7 . 6  1 1 0 . 2  

I n 4 . ?  - i n 3 . 8  19 3 4 $ 7 . 7  * 9 6 0 4  

17 3 - 4 9 3 . 1  700Z - 41.4 
4 4 . 7  8 3 . 0  17 3 S 

17 3 - 5 

3 6 . 8  

tS  1 8 . 8  11 ~ 8 9 . 2  - 8 4 . 8  3 8 . 6  

- 1 8  ~ 9 . 3  6 0 . 2  I1  3 - 6 6 , 4  - 6 8 , 8  17 5 6 - 4 . 6  

19 - 2.4 I1 3 - 6.6 I "  3 - 6 25.2 

- 1 9  ? . 2  11 5 * 1 n 7 , 6  6 7 . 4  17 3 7 I S , 2  

2 "  1 . 0  11 X 2 4 . ~  I ?  3 * 7 S g . O  S 8 0 8  

-2'~ - 2 1 , 4  11 3 - * 1 1 . 2  17 3 6 1 3 0 4  

- 2 1  2 4 . 4  11 3 I n  1 0 7 . 6  8 9 . 2  19 5 - 8 S Z . 7  5 1 . 8  

n 6 6 . 4  s � .Z  11 3 - I n  - 9 . 4  17 $ 8 8O.7  8 5 . O  

I ~ 4 9 . ~  11 3 11 4 9 . 4  19 3 - 9 8 6 . 6  S 9 0 8  

- I 6 1 . l  ~ 4 . 4  11 3 - 1 1  1 6 . 4  l ?  3 10  4 5 o n  

: . 3 , % 4  I1 5 I1 59.6 11 3 *10 65.6 63.0 
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IT 11 

17 - 1 1  

17 12 

IT - i z  

17 13 

o l S  i ,  

17 *14 

17 0 | 5  

I !  

11 

19 

19 

19 

16 

19 - 

19 
l g  

19 

19 5 

19 

19 6 

19 

19 

1~' - 

19 - 9 

19 - I n  

1~ - 1 1  

l g  * l z  

Zl 
z1 
z l  

Zl 

z !  

11 

z1 

Zl 

11 

Zl 

Zl - 

21 

Zl ~, 

11 

Zl - 

Zl q 

n 

o 

o 

o 

q 

o 

o 
n 1o 

o 1z 

o 13 

o 14 

n is  

o 16 

IT 

Z 0 

2 l 
Z o l  

- 4 8 . 6  

Y0.4 * 64.6 

16.0 

66.S 61.4 

64.3 - 68.8 

16.4 

76.6 77.8 

s , . s  43.4 

36 .Z  

- 1 o . 2  

o . z  

3 3 . o  

- 3 . 4  

4 % 4  

i , . 4  

61.7 - S6.Z 

- zs .z  

1~4.7  - I 0 6 . 4  

- 19.6 

3.4 

- 11 .6  

4 . 6  

101 .7  - 1 ~ 9 . 9  

• 13.6 

1 3 . l  

l l S .  ~ 1 1 L S  

- ~ , 4  

? 1 . 9  7 L O  

14.S 

, 4 . 9  6 3 . 4  

• 4 . 6  

9 7 . 3  9 1 . 4  

• 14 .4  

1 1 . 4  

3t,.4 54.Z 

- 13.4 

"3,4 Sq.4 

3 9 . 6  3 4 . ~  

74 .1  64.6 

- Z.Z 
75.4 7o.,~ 

SZ.9 Sg.n 

s6.n 4~.1 

~Z.'; ?';.4 

143.1  - 1 3 3 . 2  

15Z.4 1~3.2  

43 . '  - s , . o  

1~5.4 1:1. '~ 

,z.,= 44.6 

2hi .3 213.6 

- Z3,S 

4.S 

I l L '  1 1 % 6  

111.9 l Z Z . 4  

' 2 . 1  7 | o q  

1 7 9 . 3  197. l  

ss.s * T3.~, 

6 1 . 6  - s s . o  

1 5 . 6  

2S.Z 

159.5 149.6 

69.7 84.0 

2 2 1 . 7  2 0 6 . 0  

Io  

. i o  

11 

- 1 1  

lZ 

. I Z  

13 

• 4 - I ~  

4 14 

4 . 1 4  

4 1~ 

4 - I S  

4 16 

4 - 1 6  

• zo.s 

32.3 4s.o 

34.6 - 40.2 

3 4 . l  - 42.4 

13.6 

73.7 - 89.6 

51o6 44 . l  

3 0 . 4  - 6S.Z 

66.6 S0.8 

6 3 . 4  9S.Z 

68.9 ° 6Z.4 

19.Z 

134 .~  - l S 5 . Z  

55 .1  38.2 

34.4 

. 3 n . , ~  

16.4 

9 5 . '  106 .4  

1n8 .?  114 .4  

3~;.4 

,4 .~, ?Z. I  

83 .0  ? 8 . n  

61.6 - ~6.4 

'14.Z 

- 44.n 

34 .6  

- Z l . n  

61.1 - 7~.Z 

13.4 

- 3n.1 

30.4 

- 3Z.4 

46.2 

Z ' j  

45 .8  

S.Z 

6 6 . 8  

- 4~,.4 

41 .q  , s . z  
31.n 

41 .2  * 49.4 

0.6 

146.Z 1?1." 

44.7 - 43.4 

1z1.o 13z.o 

• 3 ' . 4  

SL'~ 61.S 

~4.3 

Z.4 

7 3 . 3  ,T .4  

33.z 

• 64.4 

16.4 

T8.4  ??.4 

83 .9  84.0 

lO .Z  

• 3 3 . 8  

131 .6  153 .2  

Zl.O 

Table 2 (cont.) 

9 

In 

-10 

11 

*11 

lZ 

°12 

13 
° U  

.4 -14 

4 -IS 

4 °16 

4 °17 

-11 * so.o 

o , . 7  . l o s . s  

1 67.1 - TS.Z 

• 1 I l L S  °118.o 

2 71.4 ° 76.4 

- z 69.3 so.6 

3 61 .s 8 1 . 8  

- 3 7 0 . 9  13.8 

4 zo.z 

- 4 , 4 . 0  - , 9 .Z  

s - 14.0 

- s 9.6 

6 1 1 . 0  

• 4 - 43.6 

? 3 4 . 6  

- 7 - 6 . 4  

6 43.8  

- e - 11.4 

9 57oI  S l d ,  

• 9 113 .9  113 .$  

1o 139 .9  1 2 7 . 4  

-1o 15o..~ -136.4 

11 86 .7  - 8S .n  

- I 1  - 4 9 . 8  

lZ 44o6 6S.S 

-IZ - 31.O 

13 * S.4 

- 1 3  U . 6  

14 

o14 83 .1  ?4.2 

i s  44.4 

- 1 3  40.Z 

-16 - 44.Z 

o17 19.~ 

14 .e~ 

1 1 8 . l  - 1 3 0 . 6  

61.8 - S4.Z 

• lS .n  

171.4 180.4 

- %4 

IO3.~ 11o .o  

~8 .1  , . z  

- 11.* 
1n,4 

- 17 .8  

I'L'~ 

- 11 .4  

1~4o8 1ol  .s 

? - 4 3 . 0  

7~.~, 66.0 

6 Z l .4  

76 .S  4~.O 

- 3 . 4  

198.2 180 .4  

o 3 6 . 6  

71.1 76,6 

111 .1  - 9 5 . 6  

1 % 2  

69.S S4.Z 

0 .6  
33.4 

S8 .6  ? S . S  

4 % 8  f l . o  

- 6 . 4  

• 10 .6  

tions the scattering factor values from the self-consis- 
tent model as listed in International Tables for X-ray 
Crystallography (1962) for Fe 3+, P, O-  and H were used. 
Corrections for the real part of the anomalous disper- 
sion were applied for Fe 3+ with values of Af' reported 
for the Cu Ke wave-length by Cromer (1965). An over- 
all temperature factor of 5.0/~2 was applied to the 
hydrogen atoms.* 

Discussion of the structure 

The atomic arrangement projected along the b axis is 
shown in Fig. 1. The lists of bond lengths and bond 
angles with their standard deviations are included in 
Tables 3 and 4. The standard deviations are estimated 
by Cruickshank's (1953) formula for the bond lengths 
and by Darlow's (1961) formula for bond angles. 

Both PO4 tetrahedra in the structure are nearly 
regular. O-P-O angles are in the range 106°45'-111°29'; 

* All the calculations were performed on an IBM 1620 
computer, except the computations for the absorption cor- 
rection, which were carried out with the IBM 7090 computer 
of the Centro Nazionale Universitario di Calcolo Elettronico 
at Pisa University. 
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i o  o 6 

10 7 

1o - ? 

i o  6 
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the average P-O distances are 1"54 and 1-53 A. These 
are in agreement with the generally accepted values. 

Each of the four non-equivalent iron ions in the cell 
is bound to six oxygen atoms to form distorted octa- 
hedra. The average Fe-O distances are 2.02, 1.97, 2.00, 
and 2.03 A. These values can be compared with the 
1.99 A average ferric iron-oxygen distance in laueite 
(Moore, 1965) and 2.00 A in metastrengite (Fanfani & 
Zanazzi, 1966). 

The configuration shown by the iron-oxygen com- 
plexes is as follows: 

Fe(1) links 4 0  and 2 OH 
Fe(2) 2 O, 2 OH and 2 H20 
Fe(3) 3 O, 2 OH and 1 H20 
Fe(4) 4 0  and 2 O H .  

The octahedron of the iron ion at the origin of the 
cell shares two opposite faces with the Fe(4) coordina- 
tion polyhedron; furthermore the same octahedron 
links two opposite Fe(3) coordination octahedra by a 
corner. This group of five octahedra is joined to others, 
related to the first one by the twofold axis, to form 
an infinite chain along the e axis. Connexions occur 
through an oxygen atom on the twofold axis. 
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The Fe(2) coordina t ion  octahedra on the inversion 
center (¼, ¼, 0) and on the equivalent positions link these 
infinite chains together, sharing opposite corners with 
Fe(4) octahedra in the a direction. 

Each of  the PO4 te t rahedra shares the four corners 
with different Fe octahedra connecting them inside the 
chain in the e direction and between different chains 
in the b direction to form a thick sheet parallel to (100). 

The Fe(2) octahedron is linked to the chain by a 
vertex of  a PO4 tetrahedron,  as well as by the corner 
shared with the Fe(3) polyhedron.  

The three-dimensional network of  Fe polyhedra is 
shown in Fig. 2. 

This atomic array accounts for the good {100} 
cleavage in beraunite. In the crystal structure there are 
empty channels along the screw axes, where the free 
water molecules are located. The presence of  non-  
cation coordinated water has already been found in 
laueite (Moore,  1965) and can explain the weight loss 
which occurs when the mineral is heated below 150°C 
(Fischer, 1956). These water molecules are hydrogen- 
bonded together and to the framework of  Fe poly- 
hedra;  in the structure other hydrogen bridges connect  
oxygen atoms of  different Fe and P coordinat ion poly- 
hedra. Lengths of  O - H . . . O  bonds are" in the range 
2.67-2.96 A; they are listed in Table  5. 

Table 3. Bond lengths in beraunite 

(i) x, y, z (VII) -½+x,  ½-y, - ½ + z  
(II) - x ,  y, ½-z  (VIII) ½-x, ½+y, ½-z  
(II1) x, - y ,  - ½ + z  (IX) -½+x,  ½+y, z 
(IV) ½ - x, ½- y, - z (X) ½ - x, ½ - y, 1 - z 
(V) -½+x ,  -½+y ,  z (XI) x, l - y ,  ½+z 
(VI) S -x ,  - { + y ,  ½-z 

Fe(1)(I)-OH(1)(III) 2.01 A Fe(2)(I)-O(1)(I) 1.94 A 
-O(2)(IV) 2.01 -OH(2)(VIII) 1-93 
-O(3)(VI) 2.03 -H20(2)(I) 2.04 

Fe(3)(I)-OH(3)(I) 1 . 9 9  Fe(4)(I)-OH(1)(I) 2-08 
-O(5)(IX) 1.94 -O(7)(VI) 1"92 
-O(6)(I) 2. O2 -O(8)(I) 1-93 
-HzO(1)(VI) 2.12 -OH(2)(I) 1"93 
-O(4)(I) 1"95 -O(2)(VI) 2"14 
-OH(1)(II) 1.99 -O(3)(X) 2.2O 

P(1)(I)--O(1)(I) 1"53 P(2)(I)--O(5)(I) 1-53 
-O(2)(IV) 1-57 -O(6)(VI) 1.54 
-O(3)(VlII) 1"56 -O(7)(1) 1"53 
-O(4)(I) 1"51 -O(8)(VI) 1"51 

Estimated standard deviations for Fe-O and P-O bond lengths are 0-01. A 

OH(1)(ill) -Fe(1)(I)-O(2)(IV) 
- - O ( 3 ) ( V I )  

O(2)(IV) - - -  -O(3)(VI) 

Table 4. Bond angles in beraunite 

79.2 ° o(1)(I) ---Fe(2)(I)-OH(2)(VIII) 
80-6 - -H20(2)(I) 
81.4 H20(2)(I)- -OH(2)(VIII) 

OH(3)(I)---Fe(3)(I)-O(5)(IX) 90.7 
- - O ( 6 ) ( 1 )  9 1 - 6  

- -H20(1)(VI) 89.0 
- -0(4)(I) 174"4 
- -on(1)(II) 90.4 

O(5)(IX)--  -O(6)(I) 91.7 
- -H20(1)(VI) 179.0 
- -O(4)(I) 92.2 
- -OH(1)(II) 92.7 

O(6)(i) . . . . .  H20(1)(VI) 87.5 
- -O(4)(I) 83.6 
- -OH(1)(II) 175.2 

H20(1)(VI)- -O(4)(1) 88-1 
- - O H ( 1 ) ( I I )  88.1 

0(4)0) . . . . .  OH(1)(II) 94"3 

Estimated standard deviations for O-Fe-O angles are 0-5 ° 

O(1)(I)-----P(1)(I)--O(Z)(IV) 1 0 8 . 8 °  

- - o ( 3 ) ( V l I I )  1 0 8 - 1  

- - 0 ( 4 ) ( 1 )  1 1 1 . 2  

o(2)(IV) - - -  -o(3)(VlII) 1 o9.o 
- - 0 ( 4 ) ( 1 )  1 1 0 . 0  

o(3)(vIII)-- -0(4)(I) 109.7 

OH(1)(I)--Fe(4)(I)-O(7)(VI) 
- - O ( 8 ) ( I )  

- - O H ( 2 ) ( I )  

- - O ( 2 ) ( V I )  

- - O ( 3 ) ( X )  

O(7)(VI)-- -O(8)(I) 
- - O H ( 2 ) ( I )  

- - O ( 2 ) ( V I )  

- - O ( 3 ) ( X )  

O(8)(I) - - -  -OH(2)(I) 
- - O ( 2 ) ( V I )  

- - O ( 3 ) ( X )  

OH(2)(I)-- -O(2)(VI) 
- - O ( 3 ) ( X )  

O(2)(VI)-- -O(3)(X) 

O(5)(I) ---P(2)(I)--O(6)(VI) 
- - O ( 7 ) ( I )  

- - O ( 8 ) ( V I )  

O(6)(VI)-- -O(7)(I) 
- -O(8)(7I) 

O(7)(I) - -  -O(8)(VI) 

Estimated standard deviations for O-P-O angles are 0.7 °. 

89.0 ° 
93"5 
91"0 

96-2 
98-9 

158-4 
74"9 
75-3 
94"2 

101-4 
98"7 

170"3 
92"3 

166"2 
91 "7 
90"0 
86"0 
74"9 

1 1 1 - 4  ° 
107"9 
111"3 
108"7 
110-4 
106"9 
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Fig. 2. The arrangement of Fe coordination polyhedra in beraunite. Projection along the b axis. 

Table 5. Hydrogen bond distances 
OH(1)(I)--O(5)(VI) 2.89 A 
OH(2)(I)--O(1)(XI) 2.77 
H20(1 )(I)-O(6)(VI) 2.81 
H20(2)(I)-H20(3)(I) 2.67 

-O(8)(VI) 2"88 
H20(3)(I)-O(6)(I) 2.83 

-H20(3)(VI) 2.96 

A further distance of 3.33 A, which occurs between 
the oxygen atoms of H20(1)(I) and H20(2)(VIII) is too 
large to be considered as an H bond but suggests that 
the H atom of the H20(1) points towards the neigh- 
bouring oxygen atom of H20(2). 
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