
Clays and Clay Minerals, Vol. 41, No. 5,580-589, 199K 

STACKING ORDER IN A K/Mg INTERSTRATIFIED 
VERMICULITE FROM MALAWI 

C. DE LA CALLE,' J. L. MARTIN DE VIDALES, 2 AND C. H. PONS 3 

Instituto de Ciencia de Materiales, Sede D, C.S.I.C., 
c) Serrano 113, 28006 Madrid, Spain 

2 Departamento de Quimica Agricola, Facultad de Ciencias, 
Universidad Autonoma de Madrid, 28049 Madrid, Spain 

CRMD CNRS-Universit~ d'Orlrans (UM 0131), U.F.R. Sciences 
Rue de Chartres BP 6759, 45067 Orlrans Cedex 2, France 

Abstract--The stacking order of a bi-ionic K/Mg vermiculite from Malawi (Nyasaland), has been deter- 
mined from Weissenberg data. The sample corresponds to a K/Mg interstratified vermiculite containing 
50% K layers (dK = 1.01 rim) and 50% Mg layers with two layers of water (dM~ = 1.44 nm). The observed 
intensities along (0, 0), (h, 0), (0, k) and (1, k) reciprocal rods were compared to the calculated intensities 
given by model defect structures. It was found that: 1) The (h, 0), (0, k) and (1, k) rods reveal the 
interstratification phenomenon which was previously observed on the (0, 0) rod; 2) The exchange of Mg 
by K does not occur randomly in a single interlayer, but occurs in interlayer domains sufficiently extensive 
to allow the reorganisation of the layer stacking and development of the ordered K-vermiculite structure 
from the semi-ordered structure characteristic of magnesium vermiculites; 3) For this sample, the interlayer 
water of the Mg phase occurs in two coexisting configurations; one configuration has water molecules 
forming octahedral coordination around the Mg 2+, the other has water which is not linked to the Mg 2+ 
cation forming two planes. 

Key Words--Crystal structure, Interstratification, Ion exchange, Ordering, Stacking, Vermiculite. 

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

For phyllosilicates, an interstratified slate will gen- 
erally be intermediate between two slates, each o f  which 
is called "homogeneous."  The term "homogeneous"  
refers to the periodicity in the direction perpendicular 
to the planes of  the layers (defined here as Z). This 
periodicity is characterised by a unique translation from 
layer to layer along the Z direction. 

By X-ray diffraction analysis along Z, Boettcher 
(1966), Rhoades and Coleman (1967), Sawhney and 
Reynolds (1985) and Martin de Vidales et aL (1990) 
showed that an intermediate interstratified slate is in- 
volved during the transformation from Mg vermiculite 
to K vermiculite. 

The structure o f  the homogeneous states of  vermic- 
ulites has been studied by de la Calle et aL (1975a, 
1975b, 1978, 1985, 1988)and de la Calle and Suquet 
(1988). With shifts along a and/or b (axis of  the two 
dimensional unit-cell), vermiculites show different types 
of  superposition of  layers as a result of  many factors 
including the type o f  interlayer cation and the relative 
humidity. These authors showed that there is a rela- 
tionship between the stacking mode of  different layers 
and the nature of  the interlayer material. For example, 
Mg vermiculite shows a semi-ordered stacking mode 
of  the layers and anhydrous K vermiculite shows an 
ordered stacking mode. 

By X-ray diffraction analysis of  the whole reciprocal 
space, the aim of  this study is to determine the stacking 
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mode of a K/Mg interstratified vermiculite and the 
relationship between this stacking and the stacking 
modes of  Mg and K vermiculite homogeneous states 
(e.g., to determine a structure which is a mixture of  a 
semi-ordered and ordered structures). The X-ray dif- 
fraction analysis of  Weissenberg data was done by an 
indirect approach which consisted of  comparing the 
observed intensity with theoretical intensity calculated 
from structural models. 

MATERIALS A N D  METHODS 

~laterials 

The Malawi vermiculite used in this study was from 
the basement complex of  Southern Nyasaland (Morel, 
1955). Its structural formula is: 

(Sis.6sAlzo8 Fe0.24)(Mgs.o7 Mno.o~ Feo.83Tio. l l)O20(OH)2 

(Norrish, 1973). The chemical analysis was performed 
by Norrish on Ca-saturated samples to avoid ambi- 
guity in assigning interlayer cations. 

Cation-exchange treatments 

Bi-ionic K/Mg vermiculite was obtained by treating 
cleaved sheets with mixed aqueous solutions of  KC1 
and MgCI2 with K/Mg equivalent ratio equal to 1/5. 
Experiments were made in a 20 ml teflon pressure 
vessel at 160~ to accelerate the transformation. The 
internal pressure was the water vapor pressure at the 
temperature of  the experiment. One cleaved sheet of  
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Figure 1. Schematic representation of the reciprocal space corresponding to a semi-ordered stacking mode with +b/3 
translation faults along Y direction. Note the presence of modulated reciprocal rods (h, k) with k # 3n. 

Mg vermiculite (1 ram, 5 mm, 0.1 mm) and l0 ml of 
K-Mg solution were placed in the teflon vessel, reacted 
for 24 h, and the sheet was washed with distilled water 
and dried at room temperature. The stability of the 
phase, in contact with air, was verified by X-ray dif- 
fraction (XRD) studies 90 days after the sample was 
treated. 

Calculation o f  the diffracted intensity 

General. For interstratified and semi-ordered struc- 
tures, it is difficult to use the direct methods which 
involve a Fourier transform of the intensity (de la Calle 
et al., 1988). The only possible method is to compare 
the observed intensity with the theoretical intensity 
calculated from a structural model. 

The vermiculites are generally composed of mac- 
roscopic single crystal-like sheets similar in appearance 
to micas. Although it is not possible to consider ver- 
miculites as single crystals, the structure of the recip- 
rocal space is similar to the reciprocal space of a single 
crystal but with some intensity maxima that cannot be 
interpreted by the single crystal application of the 
Bragg's law. 

In fact, for disordered layered structures, reciprocal 
space cannot be described by a set of hkl reciprocal 
spots (h, k, I integers) but by modulated reciprocal rods 
(h, k) with a continuous variation of the intensity along 

the rods that depends on the nature of the two-di- 
mensional structural units and the way they are stacked 
(Mering, 1949; Guinier, 1964). The rods are cylinders 
of infinite length and small basal area centered on the 
hk nodes of the reciprocal lattice of the two-dimen- 
sional structural units and perpendicular to the plane 
of this lattice (Figure l), 

Many authors (Hendricks and Teller, 1942; Mrring, 
1949; Kakinoki and Komura, 1952; Maire and Mrring, 
1970; Plangon, 1981; de la Calle et al., 1985; de la 
Calle et al., 1988) had calculated the diffuse intensity 
distribution due to stacking of M structural units by: 

Ihk = Spur (Re([Fhk][W][[I] + 2Z ((M - n)/M)[Q]n))) 

where: 

R e  = 

M = 
[Fhk ]  = 

[1] = 
[ w ]  = 

[Q] = 

real part o f . . .  
number  of structural units by stacking 
matrix of structure factors 
unit matrix 
matrix that represents the proportion of the 
different translations between the structural 
units 
matrix that represents the interference phe- 
nomena between adjacent structural units 
that depend only on the relative positions 
of the structural units in the stacking. 
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This expression permits  the treatment of  all systems 
formed by irregular stacking. 

Interlayer space in Mg and K vermiculites. For ver- 
miculites, the structural units constituting any stacking 
arrangement are 2:1 silicate layers and interlayer mol- 
ecules and cations. In this work, we define three struc- 
tural units called "Mg(+)- layer ,"  "Mg( - ) - l aye r "  and 
"K-layer ,"  Mg(+),  M g ( - )  and K denote the different 
locations of  cations and water molecules in relation to 
the silicate surface. Then, the structural unit consists 
of  a silicate layer and the interlayer molecules and 
cations. The "Mg(+)- iayer"  a n d " M g ( - ) - i a y e r "  define 
two translations, 

�9 ---> ~ ----> 
TM,+ = - - a / 3  + b / 3  + drag'k, and 

M s  = --a/3 -- b / 3  + drag" 1% 

(kz: unit vector along the Z direction), between adjacent 
structural units to permit  hydrogen bonds between the 
water-coordination polyhedron and surface oxygens. 

The " K  layer" defines one translation T~ = - a / 3  + 

d~-kz between adjacent structural units (de la Calle 
and Suquet, 1988). 

Form of  the different matrices. For an interstratification 
with three layers, the matrices [Fhk], [W] and [Q] take 
the forms: 

F*rag+ FMg + F*M~ § FMs F*Mg+ FK I 
[Fhk] = F*ra,_ fMg + F*Mg_ FMg- F 'M,-  FK I F*KFMg + F'*K FMs_ F*KF K 

where FMg+, Frag_ and FK are the structure factors of  
the "Mg(+)- layer" ,  "Mg( - ) - l aye r "  and "K-layer"  re- 
spectively. 

o o} 
[W] = 0 WMg 

0 0 WK 

where WMg+, WM, and WK are respectively defined as 

the proport ions of  the Tras+, TMg_ and TK transla- 
tions. 

PM,+/Mg§ PM,+;M,_.exp(iA) PM,+,Kexp(iA) 
[Q] = P~ag_/Mg+exp(iB) PM,-/M~--exp(iB) PMg /Kexp(iB) 

PK/Mg+exp(iC) PK/Ma-Cxp(iC) PK/xexp(iC) 

where: 

1) A, B and C represent respectively the scalar prod- 

ucts  21rTM,+'S, 21rTrag-.s  and  27rTK "S (S = 
diffraction vector defined by I sl = 2 sin(O)D,; X 
= wave length). 

2) Pra,+~rag_, Prag jrag , etc., are the probabili t ies of  
passing from one structural unit to its nearest neigh- 

bour. For  example, PMg+/Mg represents the probabil i ty 
that a +b /3  shift is followed by a - b / 3  shift or, in 
other words, that the "Mg(+)- layer"  is followed by a 
" M g ( -  )-layer." These nine probabili t ies allow the sta- 
tistical characterization of  the stacking model. Let g be 
the number  of  types of  layers and let the ith structural 
unit be (Mg(+), M g ( - )  or K) and the j th first neighbour 
be (Mg(+), M g ( - )  or K), thus; 

2 W i =  1 2 Pij : 1 @ i :  ~ WjPij 
i=l j=l J=l 

Thus 12 parameters  Wi and Pij are related by 2g 
relations (the relation SWi = 1 is redundant  with the 
last one) and the calculation requires g(g- 1 ) parameters.  
For a structure with 3 structural units, the system has 
6 independent parameters. 

Determination of the parameters defining the interstrat- 
ification for the particular case of Mg/K vermiculite. 
For Mg/K vermiculite, the Mg-vermiculite phase has 
the following characteristics: 

1) The " 'Mg(+) and Mg( - ) - l aye r"  have the same 
thickness dMs and the same composit ion of  the inter- 
layer space (de la Calle and Suquet, 1988). Thus, the 
structure factors for the calculation of  the intensity 
along the (0, 0) rod are identical for the "Mg(+)- layer"  
and the "Mg( - ) - l aye r . "  

2) The  p r o p o r t i o n s  o f  the " M g ( + ) - l a y e r ' "  and  
" 'Mg(- ) - layer"  are equal and the structural units are 
randomly shifted by _+b/3 along the Y direction (de la 
Calle et aL, 1988). 

As a result of  these characteristics, the six coefficients 
may be determined in two stages using; 1) the intensity 
along the (0, 0) rod; and 2) the intensity along the ((9, 
k), (1, k) and (h, 0) rods. 

Analysis along the (0, O) rod. The physical interpreta- 
tion of  the equality of  the structure factors of  the 
"Mg(+)- layer"  and the " M g( - ) - l a ye r "  is that no dis- 
tinction can be made between a "Mg(+)- layer"  and a 
"Mg(-) - layer . ' "  The system is reduced to two trans- 
lations dMg and dK along Z which correspond to the 
"'Mg-layer" and the "K-layer ."  I f  the origin of  the 
translations is chosen at the level of  the basal oxygens 
of  the silicate layer, the matrices take the following 
forms: 

I F*ragFrag Wra, 0 
[f~176 F*KFMg F*MgFK = F.KF K [W] [ 0 Wk 

PrawMgexp(-- 27ridrag s) PMwxexp(-- 21ridrag.s) 
[Qoo] = PMg/Kexp(--2~'idKs) PK/Kexp(--2ridK.S) 

There are 6 parameters o f  which 2 are independent,  
for example WMg and PravK- Comparison between the 
experimental  and the calculated patterns allows the 
determinat ion of  the two independent parameters and 
the deduction of  the other four. 
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Ana ly s i s  a long  the  (1, k), (0, k) a n d  (It, O) rods. For 
these rods, there are three structure factors and the 
associated translations. The matrices have the general 
form cited above. 

This system has six independent parameters. These 
parameters are determined from the proportion WMg 
and from the probability PM~:K derived from the anal- 
ysis of the (0, 0) rod. Assuming that the "Mg(+)-layer" 
and the "Mg(-)- layer"  are randomly shifted by +_b/3 
along Y and that the proportions of the "Mg(+) and 
Mg(-)-layers" are identical, we write: 

WMa + = WMa = WMa/2 

P M a + / M g +  = PMg+/Mg = PMg /Ma+ = PMg / M s - -  

F r o m  the (0, O) rod analysis, we deduce: 

W K = 1 - WMa 

P K / K  = 1 - -  PK/Mg 

and thus, 

W K "  PMglMg 
PM~+/K = PMg /l~ - -  W M g  

PMa+/Mg+ = PMg+-Mg = PMg-/Mg+ 

= PMg :My- = (PMa/Ma)/2 

PK:M~+ = PK:Mg-- = (I -- PKK)/2- 

For a K/Mg vermiculite interstratification, all the sta- 
tistical parameters may be fully determined by analysis 
of the (0, 0) rod. 

The comparison between the experimental intensity 
and the theoretical intensities for the (h, k) rods leads, 
however, to the following possibilities: 

1) To verify a posteriori,  the hypothesis ofa Mg phase 
having two randomly distributed translations _+b/3. 
This hypothesis may be confirmed when the number 
and the position of the maxima corresponding to the 
experimental intensity are identical to the number  and 
the position of those corresponding to the calculated 
intensity. 

2) To verify that the K phase of the interstratified 
compound corresponds to the ordered K phase which 

has only a single translation TK = --a/3 + d~.k~ with 
the interlayer K cations placed in the site analogous to 
K in micas (e.g., in the ditrigonal cavities of the surface 
of adjacent silicate layers situated face-to-face with each 
other). 

3) To determine the position of the molecules and 
the cations of the interlayer material relative to the Mg 
phase. To do this, the theoretical intensity is calculated 
using a first set of (x, y, z) coordinates for all atoms 
and molecules comprising the 2: I silicate layer and its 
interlayer material using previously published work (de 
la Calle et al., 1988). Intensity maxima are then com- 
pared for both position and intensity for the calculated 
and the experimental spectra. If important differences 
are obtained, the configuration of the interlayer ma- 

1 .B zz.e 32.B 42.B s2.u 62.8 ?z.• 82.8 9 

'z ~z., az., ' 4~.e dz., 6'z.o' ~z.e" ~. ,  91 

~  CuKo  radiation 

Figure 2. X-ray diffraction patterns along the (0,0) rod: a) 
Malawi vermiculite before treatment with the bi-ionic K/Mg 
solutions; b) Malawi vermiculite after treatment with the K/Mg 
solution = 1/5 at 160~ for 24 hr. 

terial is varied by successive approximations to achieve 
the best agreement between experimental and theo- 
retical diffraction spectra. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Analys i s  o f  the  (0, O) rod 

Qual i ta t ive  analysis.  Intensity data along the (0, 0) rod 
were recorded with a Siemens D-500 diffractometer 
with a Cu X-Ray tube (40 kV and 20 mA). The data 
were obtained between 2 ~ and 100 ~ 20. The divergent 
and receiving slits had respective openings of 1 ~ and 
150 pm. A graphite monochromator allowed C u I ~  to 
be totally eliminated. The slit system was selected to 
ensure that the sample was completely within the X-ray 
beam at all angles of 20. Under  these conditions, an 
angular geometric correction (Brindley and Gillery, 
1956) was used. The experimental intensity was cor- 
rected for Lorentz, polarization, geometric and ab- 
sorption factors (Martin de Vidales et al., 1990). 

Figure 2 shows the X-ray patterns corresponding to 
the Malawi vermiculite sample before and after treat- 
ment with the bi-ionic solution K/Mg = 1/5. Note the 
presence in Figure 2b of diffuse diffraction maxima in 
which the maxima are not at rational positions. This 
result indicates an interstratification of the "Mg-layer" 
(dMa= 1.44 nm) and the "K-layer" (d~r = 1.01 nm) 
(Martin de Vidales et al., 1990). 

Quant i ta t ive  analysis.  The "Mg-layer" and "K-layer" 
structure factors were calculated using the coordinates 
along the Z direction, the multiplicity, and the isotropic 
temperature factors of all cations and molecules given 
by Martin de Vidales et al. (1990) (Table 1). 

Figure 3 shows the theoretical curves corresponding 
to a random interstratification (Figure 3a) and a regular 
interstratification (Figure 3c). Figure 3b shows the best 
agreement obtained between the experimental and the- 
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Table 1. Atomic parameters along the Z direction for Malawi 
vermiculite homogeneous states. 

M g l a y e r  K layer  

m z rt~ z B 

Layer cations 
Mg 2.535 0.000 0.7 
Fe3+ 0.145 0.000 0.7 
Ti 0.055 0.000 0.7 
OH 2.000 0.920 0.8 
O1 4.000 1.140 Idem 0.8 
Si 2.840 2.750 Mg layer 1.0 
AI 1.040 2.750 1.0 
Fe3+ 0.120 2.750 l.O 
02 2.000 3.220 1.0 
03 4.000 3.320 1.0 

Interlayer material 
Cation 0.310 7.170 0,620 5.050 2.0 
(H~O)2 4.600 6.010 -- -- 3.5 
(H20), 1.200 7.170 -- -- 3.5 

dool (,~) 14.41 l 0.10 

m = multiplicity. B = Isotropic temperature factor. 

oretical curves. The results indicate that the sample 
has equal numbers of"Mg-layers" and "K-layers" (WMg 
= W K = 0.5) with a tendency to regular interstratifi- 
cation (PMg/K = 0.7). 

Analysis o f  the (0, k), (1, k) and (h, O) rods 

Qualitative analysis. Intensity data were recorded with 
a Weissenberg goniometer using monochromatic CuKa 
radiation from a rotating anode (Rigaku P = 12 kW). 
To determine continuous variation of intensity along 
the rods,an integration method of recording could not 
be used. Intensities were estimated visually by com- 
parison with a standard multiple scale and corrected 
for the Lorentz and polarization factors. The absorp- 
tion corrections were neglected (de ta Calle et al., 1988) 
because the interest here was to determine the nature 
of the stacking mode and not to refine the structure. 
Shirozu and Bailey (1966) noted also that absorption 
effects are not very important in comparison with other 
effects in disordered structures. 

Weissenberg patterns (Figure 4) show that, before 
treatment (Figure 4a) with the bi-ionic solution K/Mg 
= 1/5 (Mg vermiculite), the (h, 0), (0, k) and (1, k) 
reciprocal rods may be divided into two groups; the 
group of (h, 0), (0, 6), (1, 3) and (1, 9) rods with sharp 
diffraction spots and the group of (0, 2), (1, 1), (1, 5) 
and (1, 7) rods where the intensities are diffuse. Thus, 
the Mg vermiculite has an ordered structure in the 
(aOz) projection and a disordered structure in the (bOz) 
projection similar to other Mg vermiculites (de la Calle 
and Suquet, 1988; de la Calle et al., 1988). The layer 
stacking is characterised by translation faults _b /3  
which are random by shifts along the Y direction (M6r- 
ing, 1949; Brindley and Robinson, 1946, 1947; de la 
Calle et al., 1975a, 1975b, 1988). 

~ "~,.~ ~7r ~ . a - ~ a  ,'G~.~ -s ~:,' '.~.~G~ ~Z;~-.~ 

I 
N 
T 
E 
N 

T! 
Y I a 28 B 29 El 38 a 4"/ II aft a 6s B ?4 .6  133 .a 

74.8 

~  C u K a  r a d i a t i o n  

Figure 3. Comparison between the experimental and cal- 
culated curves for the (0, 0) rod: a) random interstratification 
(WM~ = 0.5; PM~/M~ = 0.5); b) the agreement obtained between 
the experimental and calculated patterns (WMg = 0.5; PM~/Mg 
= 0.7); C) regular interstratification (WM~ = 0.5; PMVMg = 1.0). 

After treatment by the bi-ionic solution K/Mg = 1/5 
(Figure 4b) Weissenberg patterns show that the inten- 
sities along all the reciprocal rods are diffuse with max- 
ima and that the number  of maxima is greater than for 
the original sample. These patterns show the effect of 
interstratification between "Mg-layers" and "K-lay- 
ers." In this case, the two (aOz) and (bOz) projections 
are characteristic of a disordered stacking. 

Quantitative analysis. We have assumed that the 
"Mg(+)-layer" and the "Mg(-)- layer"  structural units 
occur with the same frequency and with a random 
distribution of the translations between structural units. 
Consequently, the stacking mode relative to the "Mg(+) 
and Mg(-)-layers" is conserved in the interstratified 
sample produced by exchange of Mg by K. 

Most parameters of the [W] and [Q] matrix were 
determined from the values of the proportions WMg 
and W ~ K  which were obtained by quantitative anal- 
ysis of the (0, 0) rod. The values obtained were: 

WMg + = W M g - -  = 0.25; W K = 0.5; PKK = 0.3 

P M g + / M g +  = PMg+/Mg-- = PMg /Ms+ = P M g - - / M g - -  = 0 . 1  5 

PMg+/K = PM~-/K = 0.7 

P K / M g +  = P K / M g -  = 0,35 

To calculate theoretical intensities, it is essential to 
identify and locate the molecules and cations in the 
"Mg-layer's interlayer space." The chemical constit- 
uents and the z coordinates are given by a one dimen- 
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Figure 4. V~cissen berg photographs corresponding to the (h. 0/(upper). (0, k) (middle) and ( 1, k) (lower) rods: a) Mg vermiculite 
sample b_~i0rc ~'xchan!~c: b) the same sample after treatment with the bi-ionic K/Mg solution = 1/5 at 160~ for 24 hr. 

sional Four ier  project ion of  the structure o f  the pure 
Mg phase along the Z direct ion (Martin de Vidales et 
a/., 1990). The  results given in Table 1 show two types 
o f  interlayer water: 

1. Water  of  type (H:O),  (1,2 molecules  per half  unit 
cell) si tuated in the middle  o f  the interlayer space and 
having  the same Z coordinate  as the Mg cation. 

2. Water  o f  type (H20)2 (4.6 molecules  per half  unit  

cell) situated in two planes on ei ther side o f  the center  
o f  the interlayer space. 

In Mg vermicul i tes  with a high charge and with two 
layers of  water (e.g., Llano and Santa Olalla), the struc- 
ture of  the interlayer space has been studied by Ma-  
thieson and Walker  (1954), Math ieson  (1958), Bradley 
and Serratosa (1960) and de la Calle et al. (1988). For  
vermicul i t e  f rom Santa Olalla with a charge o f  0.82 
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Table 2. Atomic parameters for"Mg (+) and Mg ( - )  layers." 

a.) Te-Oc-Te silicate layer 

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

Ol -0 ,062  0.269 0.000 1.000 1.0 
0 2  -0 ,062  -0 .269  0.000 1.000 1.0 
0 3  -0 .370  0,500 O. 100 1.000 1.0 
Si -0 .331 0.333 0,580 0,710 1.0 
Si -0 .331 -0 .333  0,580 0,710 1.0 
AI(T) -0 .331 0.333 0.580 0.260 1.0 
AI(T) -0 .331 -0 .333  0.580 0.260 1.0 
Fe3+(T) -0 .331 0.333 0.580 0.030 1.0 
Fe3+(T) -0 .331 -0 .333  0.580 0.030 1.0 
0 4  -0 .326  0.333 2.160 1.000 1.0 
0 5  -0 .326  -0 .333  2.160 1.000 1.0 
OH -0 .333  0.000 2.360 1.000 1.0 
Mg 0.000 0.000 3.300 0.845 1.0 
Mg 0.000 0.333 3.300 0.845 1.0 
Mg 0.000 -0 .333  3.300 0.845 1.0 
Fe3 +(O) 0.000 0.000 3.300 0.138 1.0 
Fe3+(O) 0.000 0.333 3.300 0.138 1.0 
Fe3+(O) 0.000 -0 .333  3.300 0.138 1.0 
Ti 0.000 0.000 3.300 0.018 1.0 
Ti 0.000 0.333 3.300 0.018 1.0 
Ti 0.000 -0 .333  3.300 0.018 1.0 
OH 0.333 0.000 4.240 1.000 1.0 
0 6  0.326 0.333 4.440 1.000 1.0 
0 7  0.326 -0 .333  4.440 1.000 1.0 
Fe3+(T) 0.331 0.333 6.020 0.030 1.0 
Fe3+(T) 0.331 -0 .333  6.020 0.030 1.0 
AI(T) 0.331 0.333 6.020 0.260 1.0 
AI(T) 0.331 -0 .333  6.020 0.260 1.0 
Si 0.331 0.333 6.020 0.710 1.0 
Si 0.331 -0 .333  6.020 0.710 1.0 
0 8  0.370 0.500 6.500 1.000 1.0 
0 9  0.062 0.269 6.600 1.000 1.0 
O10 0.062 -0 .269  6.600 1.000 1.0 

b.) lntedayer material for "'Mg(+)-layer." 

Nature x/a y/b z (]~) m t3 

Interlayer water 
H20 0.0040 0.0000 9.270 0.57 
H20 0.0040 0.3333 9.270 0.57 
H20 0.0040 0.6667 9.270 0.57 
H20 0.5000 0.5000 10.400 0.60 
H20 0.0000 0.3333 10.400 0.60 
H~O -0 .0040  0.0000 11.540 0.77 
H20 -0 .0040  0.3333 11.540 0.77 
H20 -0 .0040  0.6666 11.540 0.77 
H20 0.1680 0.1667 9.270 0.20 
H20 0.1680 0.5000 9.270 0.20 
H20 0.1680 0.8333 9.270 0.20 

Interlayer cation 
Mg 0.3333 0.6667 10.400 0.31 

pe r  h a l f  un i t  cell, de  la Calle et al. (1988)  showed  tha t  
the  M g  ca t ions  a n d  the  in te r layer  wate r  molecules  fo rm 
Mg(HzO)62+ p o l y h e d r a  occupying  the  m,  sites, based  
o n  the  n o m e n c l a t u r e  o f  M a t h i e s o n  a n d  Walke r  ( l  954). 
T h i s  site is be tween  the  two (SiO4) t e t r a h e d r a  o f  the  
ad j acen t  s i l icate layers (Figure 5). T h e  wa te r  molecu les  
o f  th i s  p o l y h e d r o n  are  located in two p lanes  on  e i the r  
s ide o f  the  cen te r  o f  the  in te r l ayer  space. T h e  total  
c o n t e n t  o f  in te r layer  water ,  2.46 molecu les  per  ha l f  un i t  
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Table 2. Continued 

c.) Interlayer material for "Mg(-)- layer."  

Nature x/a y/b z (,~) rn'-3 

Interlayer water 

H20 0.0040 0.0000 9.270 0.77 
H20 0.0040 0.3333 9.270 0.77 
H20 0.0040 0.6667 9.270 0.77 
H20 0.5000 0.5000 10.400 0.60 
H20 0.0000 0.6667 10.400 0.60 
H20 -0 .0040  0.0000 11.540 0.57 
H20 -0 .0040 -0 .3333 11.540 0.57 
H20 -0 .0040  -0 .6667 11.540 0.57 
H20 0.5040 0.1667 11.540 0.20 
HzO 0.5040 0.5000 11.540 0.20 
H20 0.5040 0.8333 11.540 0.20 

Interlayer cation 

Mg 0.3333 0.3333 10.400 0.31 

m = multiplicity. 
2 B = lsotropic temperature factor. 
3 Isotropic temperature factor B = 3 for Mg and H~O. 

cell, ind ica tes  t ha t  there  is li t t le wa te r  wh ich  is no t  
d i rect ly  l inked  to a c o m p e n s a t i n g  Mg cat ion .  

For  th i s  s ample  f rom Malawi  w i th  a charge  o f  0 .62 
per  h a l f  un i t  cell, it is n o t e d  t ha t  the  quan t i t y  o f  in ter -  
layer  wa te r  is larger t h a n  t h a t  f o u n d  in o the r  v e r m i c -  
ulites. O f  the  4.6 (H20)2 molecules ,  2.8 molecu les  ("ex-  
cess"  water)  are no t  d i rec t ly  l inked  to the  M g  cat ion .  

T o  es t ab l i sh  the  l ikely loca t ion  o f  the  "exces s"  water ,  
two m o d e l s  were cons idered .  T h e  first m o d e l  a s sumes  
t ha t  the  " exces s "  wa te r  wou ld  h a v e  the  s ame  s t ruc tu re  
as the  (H20)2 wa te r  d i rec t ly  l inked  to M g  cat ions .  Cal-  
cu la ted  in tens i t i es  show i m p o r t a n t  differences for  the  
(1, 3) a n d  the  (2, 0) rods  for th is  mode l .  In  add i t ion ,  
an  unl ike ly  s y m m e t r y  a r o u n d  the  (H20)~ wate r  occurs  
wi th  six oxygens  on  one  side a n d  th ree  o n  the  o ther .  
Th i s  a r r a n g e m e n t  p roduces  shor t  (HaO)2 a n d  (H20)~ 
d is tances .  Thus ,  th i s  m o d e l  m a y  be  rejected.  

T h e  second  m o d e l  supposes  tha t  the  (H20)2 wa te r  
molecu les  h a v e  two types  o f  pos i t ions ,  wi th  1.8 wa te r  

Surface ox~ens 2§ 

Figure 5. Schematic representation of the interlayer space 
in a Santa Olalla vermiculite (charge = 0.82, de la Calle et 
al., 1988) with a low interlayer water content. 
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~face oxw~ of the top silicat~ lager 

0 '~](H20) 2 of (HzO)ll 
@ ~ - " ]  I~xag~ul lattices 

~tiace o~jt~s at the l~tt~ silitate lair 

Figure 6. Schematic representation of the configuration of 
the interlayer "'excess" water that is not linked to the Mg 
cation. 

molecules linked to the Mg cation and forming an 
Mg(H20)62+ polyhedron and with 2.8 molecules form- 
ing a structure in two hexagonal lattices situated above 
and below the center of the interlayer space (Figure 6). 
This structure type corresponds to that proposed by 
Barshad (1949), Mamy (1968), de la Calle (1977) and 
Pons et al., (1980). The (H20)t water molecules are 
positioned in the projection along Z at the center of 
the hexagons formed by the (HzO)2 water molecules 
(Table 2b and 2c). In this configuration, the distances 
(HzO)2-(H20),, are acceptable. The (H20)2 molecules 

not linked to Mg are bounded by interactions with the 
surface oxygens of adjacent silicates layers. 

Figure 7 presents the theoretical curves for the rods 
studied based on this model, as well as the experi- 
mental intensities. The agreement is satisfactory for all 
the data. 

DISCUSSION 

Characterization o f  the stacking mode 

The indirect method has allowed characterization of 
the interstratified structure in the direction perpendic- 
ular to the ab plane and in this plane. The analysis of 
the data shows a correlation between the nature of the 
interlayer material and the stacking mode of the Mg 
and K layers. The stacking mode of the intermediate 
state has the characteristics both of the homogeneous 
state before Mg cation is exchanged by K cation and 
the homogeneous state after exchange of all of the Mg 
cation by K cation (Figure 8). 

Thus, the exchange of Mg by K does not occur in a 
random manner  in a given interlayer space. The ex- 
change involves the removal of all water in the inter- 
layer and occurs in domains which are sufficiently ex- 
tended laterally to permit the reorganization of the 
layers in this plane and the transition from the semi- 
ordered structure of Mg vermiculites to ordered K ver- 
miculites. 

In addition, the agreement obtained between exper- 

Figure 7. Comparison between experimental and theoretical intensities for the (1, 3), (2, 0), (0, 4) and (1, 5) rods corresponding 
to the model in which the water is structured in two configurations according to whether it is linked or not to the Mg cation 
(dots = experimental data). 
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Figure 8. Schematic representation of the stacking modes: 
Semi-ordered stacking (upper) = two layers of water Mg ver- 
miculites; intermediate stacking (middle) = mixture of  semi- 
ordered and ordered stacking modes; ordered stacking (lower) 
= anhydrous K vermiculites. 

imenta l  and calculated diffraction data  shows that  the 
in teract ions  are nearest  ne ighbour  interact ions and that  
the stacking m o d e  of  a silicate layer with respect to the 
adjacent  silicate layer is related to the nature o f  the 
inter layer  material .  

Structure o f  the interlayer material 

The  inter layer  mater ia l  cor responding  to the " 'K- 
layer"  after exchange of  the Mg is identical  to that  
observed  in micas.  For  the " M g ( + )  or  M g ( - ) - l a y e r "  
the data  show that, for this sample,  the interlayer water  
has a very  characteris t ic  structure. It is s tructured dif- 
ferently according to whe ther  or  not  it is l inked to the 
Mg cation.  

The  Mg(H20)62+ polyhedra  are located between two 
te t rahedra  o f  adjacent  silicate layers (mr sites). This  
posi t ion permi ts  the local charge balance between the 
Mg ~+ cat ions and the tetrahedral  charges. With  such 
configuration,  the surface area covered  per polyhedron  
a m o u n t s  to 25 /~. For  three unit cells, Malawi  ver-  
miculi te  converts  to one unit cell without  a Mg(HzO)62+ 
polyhedron,  thus, we have  about  100/~ avai lable  sur- 

face. Statistically, this avai lable  surface can be occupied 
by the "excess  wate r"  located above  the surface oxy- 
gens o f  the silicate layers. 

Al though the quant i ty  o f  "excess"  water  may  be 
greater  than the quant i ty  associated with Mg, it is the 
Mg(H20)62+ polyhedra which impose  a stacking m o d e  
s imilar  to Mg-vermicul i tes  having a low conten t  o f  
inter layer  water  (de la Calle et al., (1988). 
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