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Abstract--The stacking order ofa 14.30-/~ Mg-vermiculite from Santa-Olalla, Spain, has been determined 
from Weissenberg photographs. The results prove that the Mg-vermiculite structure is not a 2-layer 
polytype structure, but a semi-ordered one. Because the structure is semi-ordered, its resolution needed 
a dual approach: (1) a direct approach using an electron density projection along the y axis in conjunction 
with a one-dimensional electron-density projection onto the z axis; and (2) an indirect approach in which 
the observed intensities along the (0,k) and (1 ,k) reciprocal rods were compared to the calculated intensities 
given by model defect structures. The semi-ordered structure of the Mg-vermiculite results from +b/3 
shifts in the stacking of the silicate layers. The shifts are randomly either along +b or -b.  
Key Words--Crystal structure, Ordering, Polytype, Stacking, Vermiculite. 

I N T R O D U C T I O N  

It is well known that vermiculites may have various 
layer stacking sequences depending on the nature of 
the interlayer cation and the relative humidity (RH). 
The several different layer stacking types were studied 
by de la Calle (1977), de la Calle et aL (1975a, 1975b, 
1978a, 1978b, 1985), and Suquet and P6zerat (1987). 
A close relationship between the order in the layer 
stacking and the configuration of the interlayer space 
clearly exists. The layer stacking sequences which in- 
duce 3-dimensionaUy ordered structures exist only if 
the configuration of the interlayer space is such that 
the ditrigonal cavities of the adjacent layers face one 
another (de la Calle et al., 1977, 1978b; Slade et al., 
1985). On the other hand, semi-ordered structures exist 
if adjacent layers shift such that ditrigonal cavities no 
longer face each other (de la Calle et aL, 1980). 

Structural studies of vermiculites and the determi- 
nation of factors that influence the layer stacking se- 
quences have been investigated to understand the ef- 
fects caused by water and various organic materials (de 
la Calle, 1977; de la Calle et aL, 1980; Slade and Stone, 
1984). The behavior of soil materials has also been 
simulated in the laboratories in order to determine the 
mechanisms involved in these transformations. The 
behavior of soil vermiculites of different geographic 
origin can be compared if a reference state is defined 
(Ben Rha'iem et al., 1986). This reference state corre- 
sponds to the condition in which the sample occurs in 
the soil, i.e., with Mg as the interlayer cation and hy- 
drated with two-water layers (d(001) = 14.3 ~). 

The aim of the present investigation was to deter- 
mine the structure of this reference state for vermic- 
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ulites by means of X-ray diffraction techniques. The 
study has confirmed the viability of the methods pre- 
viously used by de la Calle et al. (1984) to examine the 
one-layer Na-vermiculite structure. These methods re- 
lied upon the classical techniques of Fourier projec- 
tions and also a method in which the observed inten- 
sities along each (0,k) and (1,k) reciprocal space rods 
were compared to the values of calculated intensities 
given by model defect structure (Plan~on, 1981; de la 
Calle et al., 1984). 4 

MATERIALS AND METHODS 

Materials 

The vermiculite used in this study came from Santa 
Olalla, Spain. The geology of the Santa Olalla region 
was studied by Gonzfilez Garcia and Garcia Ramos 
(1960), Velasco (1977), Casquet and Velasco (1978), 
Puga and Fontbote (1979), and Velasco et al. (1981). 
These authors reported that the vermiculite was formed 
by the weathering of phlogopite. The phlogopite crys- 
tals range from a few millimeters across to plates 30 
cm in size; their edges are always transformed to ver- 
miculite. 

The structural formula of the vermiculite is: 

4 For semi-ordered stacks, the reciprocal space cannot be 
described by a set ofhkl  reciprocal spots (h, k, I integers), but 
by reciprocal rods (h,k) with a continuous variation of the 
intensity along the rod depending on the nature of the layers 
and the way they are stacked (M6ring, 1949; Plan~on, 1981). 
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Figure 2. Scheme of a semi-ordered stacking. (a) [010] view, 
(b) [100] view. 

Figure 1. Weissenberg photographs of Santa Olalla Mg-ver- 
miculite. (upper) hOl diffraction spots, (middle) (0,k) rods, 
(lower) (1,k) rods (CuKa radiation). 

(Si2.71sAl1.282) (Mg2.593 A1o.o59 Fe3+o.236 Fe2+o.o29 Tio.o83) Olo 
(OH)2(Mgo.388Cao.o24) for a half  layer (de la Calle, 1977). 

X-ray diffraction data were obtained on a section, 
1 • 2 • 0.1 m m  in size, cut from a larger cleavage 
flake and carefully pressed flat to minimize distort ion 
arising from the cutting operation. All data refer to the 
flake in its natural  state without further hydrat ion or 
cation exchange. Unit-cell  parameters  a = 5.346 + 
0.002/~,  b = 0.259 + 0.002 ~ ,  c = 1~4.42 + 0.01 
and/~ = 96057 ' + 2' (least-squares refinement from 15 
data) were determined by X-ray powder diffraction 

techniques (Guinier de Wolff camera, and monochro- 
matized CoKa  radiation; Si as standard). 

X-ray diffraction 

Intensity data were recorded on the Weissenberg go- 
niometer  using monochromat ic  CuKa  radiation. For  
each set of  two film packs, exposures of  15 to 100 hr  
were made. Integration was not  used during intensity 
recording, because the continuous variat ion of  the in- 
tensity along some rods did  not allow it. The intensities 
were est imated visually by comparison with a s tandard 
multiple scale and corrected for the Lorentz and po- 
larization factors. Because the a im of  the present work 
was to determine the stacking faults in a Mg-vermic-  
ulite and not  to refine the structure, the absorption 
corrections were neglected. In fact, absorption effects 
are not very important  (Shirozu and Bailey, 1966) com- 
pared with other effects in disordered structures. 

S T R U C T U R A L  D E T E R M I N A T I O N  

Qualitative analysis of experimental patterns 

An examination of  Weissenberg films (Figure 1) 
containing the intensity distr ibution along the (h,0), 
(0,k), and (1,k) reciprocal rods shows that they fall 
into two groups: (1) those (h,O), (0,6), (1,3) and (1,9) 
rods containing sharp (hOL 06/, 13/, 19l) d i f facf ion 
spots; and (2) those (0,2), (1,1), (1,5) and (1,7) rods 
containing more or less diffuse bands. From these re- 
suits, the x0z projection appears to be ordered but  
layers are displaced by b/3 parallel to the y axis (Mr- 
ring, 1949; Brindley and Robinson, 1946, 1947; de la 
Calle et al., 1984) (Figure 2). 

Layer stacking sequence deduced from the 
h01 diffraction spots 

Electron-density distribution normal to (001). The one- 
dimensional  Fourier  projection o f  the structure o f  the 
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Figure 3. One-dimensional Fourier synthesis from 001 dif- 
fraction intensities of the Mg-vermiculite. - theoretical and 
-o-o-o-o- experimental values. 

Santa Olalla vermiculite onto 001 was carried out using 
the first 17 00l reflections (Figure 3). The basal spacing 
of the sample was taken as 14.30 ~.  Phases for the 00l 
sharp diffraction spots were computed from the known 
configuration of the silicate part of the structure and 
assigned to the structure amplitudes. This approach 
assumed that the contribution to the total scattering 
from the interlayer material was comparatively small. 
The positional parameters for the atoms of  the silicate 
structure were taken from the study of the two-water 
layer Ca-vermiculite (de la Calle et al., 1977) and mod- 
ified for the unit  cell of the present material. The ex- 
perimental and the final theoretical one-dimensional 
projections (R = 5%) are also compared in Figure 3. 

Table 1. Atomic parameters for Mg-vermiculite. 

Atom x/a  z/c B (~2) m 

Octahedral cations 
1 0.0 0.0 1 2.96 

Tetrahedral cations 
1 0.394 0.190 1.5 4 

Hydroxyl group 
1 0.355 0.066 1 2 

Oxygen 
O1 0.353 0.080 1 4 
02 0.138 0.231 2 4 
03 0.444 0.224 2 2 

Interlayer cations 
Mg 0.500 0.500 2.5 0.39 
Ca 0.500 0.500 2.5 0.02 

Water 
H20 0.142 0.42 3 2.46 

B = temperature factor; m, = multiplicity. 

Figure 4. 
miculite. 

F e  

Electron density distribution on (010) for Mg-ver- 

Table 1 lists the final atomic parameters. The electron- 
density curve shows that: (1) Mg 2§ is located midway 
between the silicate layers; (2) water molecules (6-7 
H20/Mg 2§ are arranged on either side of the central 
cations in sheets 2.71 A from the sheets of surface 
oxygens in the adjacent silicate layers. The RH range 
in which the 14.30-A phase exists is so large (between 
5 and 100% RH) that the amount  of water found (at 
~40% RH) cannot easily be compared with the values 
previously reported in the literature. A one-dimen- 
sional synthesis obtained by neutron diffraction on the 
Santa Olallo Co-vermiculite (Adams and Riekel, 1980) 
indicates that the z values for the protons are in agree- 
ment with those of the present X-ray diffraction study. 

Projection along the b-axis. The electron-density dis- 
tribution on the x0z plane was calculated from 66 hOl 
sharp diffraction spots (Figure 4). The phases for the 
hOl spots were determined in the same way as for the 
one-dimensional projection. Space group P2 was used 
for the calculation of structure factors. The structure 
factors Fcatc(h0l) were calculated from the atomic co- 
ordinates listed in Table 1. The analysis of this pro- 
jection allowed the z-coordinates to be refined and the 
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Table 2. Comparison of observed and calculated structure 
factors for Mg-vermiculite. 

hkl Fc Fobs 

001 157.8 157.8 
002 8.2 7.9 
003 - 33.8 - 38.9 
004 101.5 107.0 
005 138.0 140.8 
006 -23.1 -26.5 
007 -66.9 -58.8 
008 -32.2 -31.5 
009 49.0 44.6 
0010 80.6 71.1 
0011 54.4 58.2 
0012 56.4 65.6 
0013 22.9 24.4 
0014 27.7 38.2 
0015 37.7 36.7 
0016 45.6 56.2 
0017 29.5 32.5 

200 69.3 82.9 
201 98.1 115.7 
202 135.9 120.8 
203 65.7 78.8 
204 86.0 99.4 
205 53.5 56.7 
206 122.6 115.2 
207 90.2 91.7 
208 15.8 21.7 
209 -28.8 -36.2 
2010 -23.3 -29.3 
2011 41.6 48.8 
2012 51.2 54.1 

20i -7.3 -3.9 
20] -90.0 -95.3 
203 -8.5 - 14.4 
207[ 46.5 69.4 
20~ 92.9 78.2 
206 29.8 30.4 
207 -29.6 -29.6 
208 76.7 71.0 
209 120.1 107.2 
2010 126.7 129.4 
2011 25,1 37.5 
2012 -11.5 -14.5 
2013 15.2 24.4 
2014 47.7 83.9 
2015 39.0 79.5 
2016 -35.6 -20.0 

400 -55.3 -55.6 
401 30.6 39.6 
402 63.8 69.3 
403 38.5 40.7 
404 - 1 1 . 2  - 1 1 . 9  

405 -6.6 0 
406 64.8 66.9 
407 74.3 66.9 
408 66.8 53.9 

40i -33.7 -42.1 
40] 67.2 55.1 

Table 2. Continued. 

hkl Fr Fob, 

403 109.6 134.2 
407~ 82.9 81.6 
405 3.7 0 
406 32.8 29.1 
40~ 61.9 50.8 
408 86.5 77.3 
409 39.5 38.6 
4010 -6.8 -17.1 
4011 -9.9 - 16.7 

Projection along b-axis. 

x-coordinates to be determined for the components of  
the interlayer space. The contoured electron density 
map located the water molecules at x = 0.142, z = 0.42 
and the interlayer cations at x = 0.5, z = 0.5. Table 2 
compares observed and calculated structure factors. 
The final reliability factor was R = 14%. 

Layer stacking structure deduced from the 
intensity distribution of the (O,k) and (1,k) 
reciprocal rods 

As noted above, the Weissenberg films showed that 
the intensity distribution along the (O,k) and (1,k) re- 
ciprocal rods for which k v~ 3n were more or less dif- 
fuse. Therefore, a direct image of  the structure could 
not be obtained from the intensity distribution of  the 
(0,k) and (1,k) reciprocal rods. A quantitative descrip- 
tion however was obtained by comparing the experi- 
mental intensity distribution with a theoretical inten- 
sity distribution calculated from an average model of  
the layer stacking (de la Calle et al., 1984). 

Previous workers (Hendricks and Teller, 1942; Mr-  
ring, 1949; Kakinoki and Komura, 1952; Maire and 
Mrring, 1970; Plangon, 1981) calculated the diffuse 
intensity distribution due to stacking of  M layers. These 
studies permit all systems formed by irregular stacking 
of  two-dimensional structural elements to be exam- 
ined. In the present study the expression developed by 
Plangon (1981) (Appendix) was assumed to be most 
valid if  the arrangement of  layers followed the law 
whereby only adjacent layers interact. The calculated 
intensity essentially depends on two factors (Appen- 
dix): (1) the nature and number of  the two-dimensional 
structural elements that are stacked; and (2) the relative 
positions of  these elements within the stacking. 

For vermiculites, the basic elements constituting any 
stacking arrangement are 2:1 silicate layers and inter- 
layer molecules and cations. In the present report, these 
two elements are called the " A  layers" and the "B 
layers", respectively. Here, the expression "layer" 
means that the structural unit consists of  a silicate layer 
and the interlayer molecules and cations. A and B de- 
note different locations of  the water coordination poly- 
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Table 3. Tendencies of the silicate layers to have ordered or disordered stacking (w+ = w = 0.5, P§ = c0. 

485 

P++ P+- P-+ P__ 

Ordered stacking ~ 2-layer polytype 
Tendency 2-layer polytype 

Disordered stacking ~ random 
Tendency segregation 

Ordered stacking ~ segregation 

0 1 1 0 
0.25 0.75 0.75 0.25 
0.50 0.50 0.50 0.50 
0.75 0.25 0.25 0.75 
1 0 0 1 

a 

h e d r o n  in  r e l a t ion  to the  si l icate surface. A n  " A  laye r"  
enab les  a shif t  o f  + b/3 be t w een  ad j acen t  layers  to  per-  
m i t  hydrogen  b o n d s  to be  es tab l i shed  be tween  the  water-  
c o o r d i n a t i o n  p o l y h e d r o n  a n d  surface oxygens.  In  a " B  
layer" ,  a - b / 3  shif t  enab les  h y d r o g e n  b o n d s  to fo rm.  

F o u r  p robab i l i t i e s  P++, P+ , P_+, a n d  P are  t h e n  
defined:  i.e., P+ represen t s  the  p r obab i l i t y  t ha t  a 
+b/3 shif t  is fo l lowed by  a - b / 3  shif t  or, in  o t h e r  
words,  an  " A  l aye r"  is fo l lowed by  a " B  layer" .  These  
four  p robab i l i t i e s  a l low sta t is t ical  cha rac t e r i za t i on  o f  
the  s tacking mode l .  T h e  s ym bo l s  w+ a n d  w_ are also 
def ined as the  re la t ive  p r o p o r t i o n s  o f  the  +b/3 a n d  
- b / 3  shifts,  i.e., the  p r o p o r t i o n s  o f  the  " A "  a n d  " B "  
layers present .  

A s s u m i n g  t h a t  w+ a n d  w = 0.5, the  p robab i l i ty ,  a~ 
o f  h a v i n g  a +b/3 t r an s l a t i on  fol lowed by a n o t h e r  +b/ 
3 t r ans l a t i on  is P++ = P__ = a (see Append ix ) .  Similar ly ,  
P +  = P + = 1 - a. A s c h e m a t i c  p r e s e n t a t i o n  o f  the  
di f ferent  t endenc ie s  o f  the  si l icate layers  to  h a v e  
o r d e r e d  or  d i s o r d e r e d  layer  s tacking  is r epo r t ed  in  
Tab le  3. 

Interlayer space. T h e  s t ruc tu re  o f  the  in te r l aye r  space 
was p rev ious ly  s tud ied  by  M a t h i e s o n  a n d  W a l k e r  
(1954), M a t h i e s o n  (1958), Bradley a n d  Serra tosa  (I 960), 

m 2 o r  m 3 

! i : 

Table 4. Atomic parameters for "A"  and "'B'" layers. 

x ' / a  y ' /b  z ' / c  B (A:) m 

Silicate layer 
Octahedral cations 

1 -0 .076  0.333 
2 -0 .076  0.667 
3 -0 .076  0.000 

Tetrahedral cations 
1 0.256 0.333 
2 0.256 0.667 
3 0.592 0.667 
4 0.592 0.333 

Hydroxyl group 
1 0.257 0.000 
2 0.591 0.000 

Oxygen 
1 0.862 0.269 
2 0.862 0.731 
3 0.554 0.500 
4 0.597 0.333 
5 0.597 0.667 
6 0.251 0.333 
7 0.251 0.667 
8 0.294 0.500 
9 -0 .014  0.269 
10 -0 .014  0.731 

Interlayer space 
Mg over the ml site 

(1) 
Mg 0.260 0.667 
Ca 0.260 0.667 

H20 
1 -0 .072  0.667 
2 0.428 0.54 
3 0.428 0.82 
4 0.586 0.667 
5 0.086 0.547 
6 0.086 0.82 

0.229 1 0.987 
0.229 1 0.987 
0.229 1 0.987 

0.418 1.5 1.00 
0.418 1.5 1.00 
0.041 1.5 1.00 
0.041 1.5 1.00 

0.295 1 1 
0.164 1 1 

0.000 2 1 
0.000 2 1 
0.007 2 1 
0.150 1 1 
0.150 1 1 
0.309 1 1 
0.309 1 1 
0.452 2 1 
0.458 2 1 
0.458 2 1 

(2) 
0.333 0.725 2.5 0.39 
0.333 0.725 2.5 0.02 

0.333 0.646 3 0.41 
0.190 0.646 3 0.41 
0.470 0.646 3 0.41 
0.333 0.805 3 0.41 
0.190 0.805 3 0.41 
0.470 0.805 3 0.41 

Mg over the m2 or m 3 sites 
Mg 0.260 0.333 0.000 0.725 2.5 0.39 
Ca 0.260 0.333 0.000 0.725 2.5 0.02 

 /H 432 
5 

Figure 5. Relative position of two adjacent silicate layers 6 
in Mg-vermiculite. m~, m2, and m3, sites for hydrated inter- 
layer cations. 

-0 .072  0.333 0.000 0.646 3 0.41 
0.428 0.190 -0 .130  0.646 3 0 . 4 1  
0.428 0.470 0.150 0.646 3 0.41 
0.586 0.333 0.000 0.805 3 0.41 
0.086 0.190 -0 .130  0.805 3 0.41 
0.086 0.470 0.150 0.805 3 0.41 

(1) y ' /b  for "A"  layer; (2) y ' /b  for "B"  layer. 
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Figure 6. Calculated intensity along the (O,k) and (1,k) rods for (a) a two-layer polytype, (b) tendency to disorder, (c) a 
random stacking, (d) segregation. (Interlayer Mg cation in m~ sites.) �9 Experimental values. 
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Table 5. Comparison of the observed and calculated intensifies for Mg-vermiculite. (0,k) and (1,k) reciprocal rods. 

hkl Io~ I~ hkl Io~ ~ I ~  t hkl Io~ ~ I~? hkl Io~ t l~t  I h k /  lob,' I ~  L h k /  Iov. l~,  

130 0 0 150 170 020 040 060 100 100 100 86 92 61 85 75 31 26 
131 69 32 151 50 43 171 0 0 021 15 11 041 45 48 061 45 33 
132 0 0 152 60 50 172 54 50 022 100 100 042 15 11 062 10 7 
133 10 11 153 70 100 173 15 18 023 15 l l  043 063 0 0 
134 35 36 154 174 024 044 100 100 064 6 4 

7 7 18 18 43 48 
135 2 4 025 045 065 23 15 
13i 46 43 15i 0 0 17i 38 39 026 10 7 046 46 44 066 9 7 
13) 77 68 15) 91 75 17) 21 29 6 4 35 85 
133 100 100 153 35 39 173 100 100 
134 30 21 154 21 21 174 0 0 

33 46 85 93 
133 38 32 173 

20 25 136 15 11 

' Intensity of maxima on the observed and calculated profiles. 

Shirozu and Bailey (1966), and Alcover and Gatineau 
(1980). As de la Calle et al. (1975a, 1975b, 1977, 1980) 
and Suquet and P6zerat (1987) established, a relation- 
ship exists in 2:1 phyllosilicates between the order or 
semi-order of  the layer stacking and the reactivity of  
the minerals internal surface. 

For a given interlayer cation and RH, the interlayer 
space has a specific structure. The silicate layers relate 
to this structure so as to minimize the energy of  the 
layer-interlayer assemblage. In each o f  the following 
structures to be considered for Mg-vermiculite, a sil- 
icate layer is displaced by either +b/3 or -b /3  relative 
to the adjacent one. In reference to the models of  Ma- 
thieson and Walker (1954) and Shirozu and Bailey 
(1966), the present models for the layer stacking pro- 
vide equivalent oxygen environments about the inter- 
layer space. 

The hydrated cations Mg(H20)62§ may occupy two 
types of  interlayer sites: (1) between the bases of  op- 
posite tetrahedra (ml sites of  Mathieson and Walker 
(1954)); here, the hydrated cation is surrounded by six 
oxygens; or (2) between a ditrigonal cavity and a tet- 
rahedral base; here, an asymmetric environment  exists 
with six oxygens on one side and three on the other 
(m2 and m3 sites of  Mathieson and Walker (1954)) 
(Figure 5). 

In the following, two models are considered: (1) a 
model in which the stacking by " A "  and " B "  layers 
places Mg > in the ml site; and (2) a model  in which 
the stacking by " A "  and " B "  layers distributes Mg 2+ 
over the m2 or m 3 sites. The atomic parameters for the 
various " A "  and "B"  layers of  the two models are listed 
in Table 4. They were determined by considering the 
planar cell (a,b) of  the silicate layer and by placing the 
surface oxygens at the level z = 0. 

Determination of  the layer stacking sequence. First, the 
layer stacking sequence was determined by locating 
Mg 2§ on the m l site. The I(l) profiles calculated for the 

various cases (a = 0, a = 0.25, a = 0,5, and a = 1) are 
reported in Figure 6. The calculated profiles were com- 
pared with the visually estimated experimental inten- 
sities (Table 5). For the ordered model (a = 0, i.e., two- 
layer polytype) and for the disordered model  (a = 0.5), 
the calculated intensities along rods where k ~ 3n were 
totally different. By a comparison of  these calculated 
data with the experimental results, the ordered model  
can be rejected. 

The tendency to an ordered stacking (a = 0.2& i.e., 
the tendency to the two-layer polytype) may be ex- 

I ' 1 '  ' '  I 
0 2 4 6 8 10 12 

| 

0 2 4 6 
?, I , I  

8 10 12 
Figure 7. Calculated intensity along the (0,4) rod for the 
following two models: (a) interlayer Mg cation in m2 or m3 
sites, (b) interlayer Mg cation in ml sites. 
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Figure 8. 
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cluded because of  the large difference between the cal- 
culated and observed intensities, in part icular for the 
(1,5) reciprocal rod. A model  having segregated 
+ b~ 3 and - b / 3  shifts can also be excluded by com- 
paring the calculated intensity distr ibution along the 
(1 ,k) rods with the experimental  results. The calculated 
intensity distr ibution based upon random model  best 
fits the experimental  data, both with respect to the 
posit ions and intensities of  the maxima. Table 4 lists 
maxima  on the observed profiles. 

The same calculations were carried out for a model  
in which the hydrated cations were located over the 
m2 or m3 sites. The curves are very close to those 
obtained in Figure 6. The modulat ion of  the experi- 
mental intensity (0,4) along the rod, particularly be- 
tween l = 2 and l = 8 (Figure 7), shows, however, that 
the hydrated cation is probably located in the m~ site. 
The m~ posit ion reported by Shirozu and Bailey (1966) 
for the hydrated catiOn is confirmed here. With  the 
exchangeable cation located in the m~ site, the six water 
molecules lie in two sheets at a distance of  2.7 ~ from 
the surface oxygens, compatible  with hydrogen bonds. 
On the basis of  an infrared study of  part ial ly deuterated 
Mg-vermiculite Fornes et al. (1980) reported some short 
hydrogen bonds. The water molecules form a skeleton 
in the interlayer space similar to an anionic framework. 

S U M M A R Y  A N D  CONCLUSION 

In the semi-ordered structure of  Mg-vermiculi te 
(d(001) = 14.3 ~ )  there is a 50% probabil i ty of  a stack- 
ing fault parallel to the y axis. Each layer is displaced 
by +b/3 or -b /3  relative to the preceding layer and 
independent  of  its second neighboring layer. In the 
terminology established by Brown and Bailey for the 
chlorites (1962), the silicate layer-interlayer assem- 
blage o f  Mg-vermiculite is Ia. Because the silicate lay- 
ers are randomly shifted by +_b/3 along the y axis, the 
whole structure of  Mg-vermiculi te may  be described 
by a random succession of  Ia-4 and Ia-6 assemblages. 

The structure of  the interlayer space fundamental ly 
determines the layer stacking sequence. Therefore, we 
considered the structure of  the hydrated cation in re- 
lation to the crystal chemical nature of  the oxygen sur- 
faces and their relative posit ions (+b /3  or -b/3).  Fig- 
ure 8 represents the relative posit ions of  the surface 
oxygens of  two adjacent silicate layers surrounding 
Mg(H20)62+. Translations o f  +b/3 or -b /3  are shown. 
This figure demonstrates that the two polyhedra and 
their oxygen surroundings are symmetrical  relative to 
a fictitious plane P. Because the Si-A1 substitutions are 
randomly distr ibuted (Herrero et al., 1985a, 1985b; 
Bailey, 1986), the two assemblages correspond to fairly 
similar bonding energies between the silicate layers and 
the interlayer sheet. Therefore, the shift of  one layer 
relative to another by +b/3 and - b / 3  is equally prob- 
able. 

The present study demonstrates that classic methods 
and indirect methods for studying semi-random struc- 
tures can be very usefully applied in characterizing 
stacking faults. 
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APPENDIX 

Calculation of the diffracted intensity 
l(1) on the h,k rods 

The methods developed by various authors allow the con- 
tinuous intensity I(l) on various reciprocal lattice rods to be 
calculated by postulating different kinds of translation be- 
tween the layers. The intensity diffracted at the 20 angle along 
an hk rod can ,be calculated from the matrix expression de- 
veloped by Planqon (1981): 

where: 

Re = real part o f . . . ,  
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M = the number of layers by stacking, 
[Ehk ] = matrix of the structure factors, 

[I] = unit matrix, 
[w] = matrix that represents the proportion of the different 

translation between the layers, and 
[Q] = matrix that represents the interference phenomena 

between adjacent layers and that depends only on 
the relative positions of the layers in the stacking. 

For Mg-vermiculite (with two translations "F+ and T_ and 
two different elements called "A layers" and "B layers"), the 
matrix Q is given by: 

V++exp(-2wi~+), P+_exp(- 2~4~+) 
[Q] = P_+exp(-2~ri~T_), P_ exp(-2~ri~T_) ' 

where g is the scattering vector. 
I f  w+ and w are the relative abundances of the T+ and T_ 

translations, the relationship between proportion and prob- 
abilities can be written: 

w+ + w  = 1;P++ + P+_= 1;P_+ + P__= 1; 
w+P+_ = w P_+. 

Because four equations and six parameters exist, two of the 
parameters must be independent. If  a is t h e  probability of 
having a T+ translation followed by another T+, and if  w+ is 
chosen as the second independent parameter, the six param- 
eters are then given by the expressions 

w = 1 - - w + ,  

P+_ = 1 - a, 

W+ 
P - +  - (1  - ~ - ~ ( 1  - a ) ,  and 

P_ = 1  - P _ + .  

Thus, the calculated intensity essentially depends on two 
factors: (1) the nature [F] and the number [w] of the two- 
dimensional elements that are stacked, and (2) the relative 
position of these elements within this stacking [Q]. 
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