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Abstraet--A new approach is described to computer simulate cation distribution in octahedral sheets of 
dioctahedral 2:1 layer silicates with vacant trans-octahedra. This approach makes use of the information 
on cation distribution at the one-dimensional level provided by integrated IR optical densities for the 
region of OH-stretching frequencies. By using this program it is possible to show that (1) the Mrssbauer 
spectrum of glauconite B. Patom conforms to the structural model composed of celandonite-like and 
illite-like domains whose dimensions are limited by approximately 2 or 4 unit cells; (2) non-equivalency 
of "left" and "right" cis-positions (with fixed b-direction) with respect to R 2§ and R J§ occupancy is a 
characteristic feature of a celadonite-like domain. 
Key Words--Cation distribution, Computer simulation, Glauconite, Mrssbauer spectra. 

INTRODUCTION 

Analysis of the actual distribution of isomorphous 
cations in phyllosilicate structures is a complex prob- 
lem. Diffraction methods, even if a single crystal is 
available, yield information only on the average com- 
position of cation sites in the unit  cell. For structurally 
imperfect, microdivided minerals, even these data of- 
ten cannot be obtained. Spectroscopic methods are 
therefore especially significant since they are probes of 
local structure and can provide information on short- 
range ordering. For example, 29Si MAS-NMR spec- 
troscopy allows distinction among different tetrahedral 
environments of silicon (Lippmaa et al., 1980; Sanz 
and Serratoza, 1984; Herrero et al., 1987). Unfortu- 
nately, this method can be applied only to Fe-free min-  
erals. Recently, a new deciphering procedure in IR 
spectra from dioctahedral micas in the region of OH- 
stretching frequencies has been suggested (Slonimskaya 
et al., 1986). As a result, the integrated optical densities 
of the component bands assigned to different pairs of 
octahedral cations coordinated to the OH groups are 
obtained. These provide information on cation distri- 
bution at a one-dimensional level, i.e., only for one 
crystallographic direction. 

The situation in M6ssbauer spectroscopy of dioc- 
tahedral 2:1 layer silicates seems to be rather more 
complicated. Many authors reduce the problem of cat- 
ion distribution to the Fe distribution among cis- and 
trans-positions. There are many papers following this 
concept, so we shall ment ion here only the more recent 
ones dealing with glauconite (De Grave et al., 1985; 
Johnston and Cardile, 1987; Cardile and Brown, 1988). 

At the same time, in accordance with X-ray and 
electron diffraction data, the trans-octahedral sites are 
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vacant in most of 2:1 layer silicates within the limits 
of the method applied (Tsipursky et al., 1978; Besson 
et al., 1983; Tsipursky et al., 1985; Sakharov et al., 
1990). We should emphasize here that interpretation 
of any kind of spectroscopic data for dioctahedral mi- 
cas ought to be based on preliminary knowledge of 
cis- and trans-octahedra occupancy of the unit  cell. In 
application to M/Sssbauer spectroscopy, an approach 
allowing for diffraction data was developed by Bookin 
et al. (1978), Dainyak et al. (1984a, 1984b, 1984c) and 
Dainyak and Drits (1987). They considered various 
arrangements of heterovalent cations nearest to Fe 3+ 
in model systems with vacant trans-octahedra, such as 
nontronite, celadonite, muscovite, and ferripyrophyl- 
lite. Their approach was based on (1) crystal structure 
simulation methods that allowed for the size and the 
shape of an Fe3+-octahedron as a function of the nearest 
neighbor cations; and (2) calculations of electric field 
gradients (EFG) on Fe 3+ in terms of the ionic point- 
charge model. The study of model systems has shown 
that the problem of spectrum interpretation may have 
specific features in each particular case. But even if the 
local octahedral environments of Fe were found, the 
problem of reconstructing the distribution of all cation 
types, including Fe, would remain. Moreover, the cat- 
ion distribution pattern hardly can be provided even 
by combination of distinct spectroscopic methods. Un-  
der the existing conditions, computer simulation would 
play a role as a "bridge" between the data obtained by 
different methods as well as between short-range and 
long-range order. 

Computer simulation of A1-Si-distribution in tet- 
rahedral sheets seems to be most advanced at present 
(Herrero et al., 1987). On the other hand, simulation 
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of cation distribution in octahedral sheets meets with 
a number  of difficulties. Owing to a wide variety of 
isomorphous substitutions, numerous alternatives may 
exist. Two-dimensional simulation of R 2§ R 3+, and 
vacancy distribution in trioctahedral mica turned out 
to be the simplest case (Krzanowski and Newman, 
1972), provided Pauling's electroneutrality principle is 
applied. These authors used a computer program that 
suggested the possibility of extended dioctahedral frag- 
ments (domains) built  within the trioctahedral matrix. 
At the same time this program had some shortcomings 
that seem to question its application to studying a real 
layer-silicate structure. The following shortcomings 
seem to be the most essential: (1) different cations hav- 
ing equal charges (Mg and Fe 2§ or A1 and Fe 3§ are 
not distinguished; (2) site-by-site and row-by-row 
methods of filling the octahedral sheet result in chain- 
like domains only; and (3) numerical parameters char- 
acterizing the resultant cation distribution are absent. 

Bearing in mind  that IR-spectra fitting by Slonim- 
skaya et al. (1986) provides concentrations of different 
cation pairs coordinated to the OH groups, we tried to 
overcome the difficulties mentioned above for the case 
ofdioctahedral micas with vacant trans-octahedra. The 
results of a new computer program for simulating oc- 
tahedral cation distribution have been applied to the 
interpretation of M/Sssbauer spectrum of glauconite B. 
Patom. Our aim was to find a cation distribution that 
would satisfy both IR and M6ssbauer data. 

A NEW APPROACH TO THE SIMULATION OF 
OCTAHEDRAL CATION DISTRIBUTION 

IR data as the basis for simulation 

As basic global parameters of the octahedral cation 
distribution, the occurrence probabilities Wik (i, k = 
Mg, Fe 2§ Fe 3§ AI) were used. These values character- 
ize the cation distribution between adjacent cis-octa- 
hedra linked through an OH-OH shared edge in a fixed 
direction. In 1 M micas, the case which is under con- 
sideration, this direction coincides with the b-axis. In- 
tegrated optical densities obtained from IR-spectros- 
copy are proportional to the symmetric sums of 
occurrence probabilities, Wik + W~a. Thus, to define 
occurrence probabilities properly, it is necessary to 
specify the degree of preference to one of the cis-po- 
sitions (I and II, Figure 1) for every cation. The simplest 
extreme situations are: absolute preference of a cation 
type to one of the cis-positions, referred to as "IR- 
pref."; and complete absence of such preference, re- 
ferred to as "IR-equiv." (An example of the analysis 
of such situations is considered in the following sec- 
tions.) It is evident that we may optionally specify all 
intermediate situations. 

Independent as ~to whether the "I"  and "II"  cis-oc- 
tahedra are equivalent with respect to occupancies by 
distinct cation types, some local charge limitations may 
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Figure 1. Honeycomb pattern of dioctahedral sheet filled 
with b-oriented "dumb-bells" having cations at the ends; 
dashed lines indicate the bj and b2 directions running at + 120* 
and 60* with respect to b-direction; O -- OH, �9 -- O, �9 -- 
Mg, Fe 2§ Fe 3+, AI. 

be imposed on the cation pair oriented along one of 
the directions running at + 120*, with respect to the 
b-direction. These directions will be hereafter referred 
to as b~ and b2 (shown by dotted lines in Figure 1). 
Such limitations should imply that octahedral cation 
distribution obeys the principle of homogeneous dis- 
persion of charges (HDC), i.e., compensation of neg- 
ative charge is approximately the same for each anion. 
In dioctahedral micas R 3+ content often exceeds R 2+ 
content: under HDC conditions among all possible 
cation pairs coordinating each anion, the R3+R 3+ pairs 
are unavoidable, Ra§ 2+ pairs are preferential, and 
R2+R2+ pairs should be forbidden. It should be noted 
that WR2.R2§ values are either very small or equal to 
zero, which follows from the results of Slonimskaya et 
al. (1986) for representative collection of micaceous 
minerals. Note also that the condition Wg2§ = 0 in 
combination with the absolute preference of R 2§ cation 
to one of the cis-positions means that the HDC prin- 
ciple is realized. 

Another kind of limitation when choosing a neighbor 
in the bl or b2 direction may also follow from IR-data. 
Most IR-spectra of the minerals studied by Besson et 
al. (1987) lack an Fe 3§ Al-band which testifies to a 
tendency for the segregation of Fe 3+ and A1 cations at 
the level of distribution along the b-axis. This tendency 
may be extended to cation distributions in the two- 
dimensional net, in bt and b2 directions. 

Summary  o f  computer program 

The program was developed to produce multiple 
random filling of a honeycomb pattern of a preset size 
with cation pairs, in accordance with the aforesaid lim- 
itations. Occurrence probabilities W~k determine the 
amount  of different cation pairs to be allocated in each 
trial. As for local limitations (HDC and segregation of 
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A1 and Fe 3+ cations), in their most rigid form, it is 
necessary to minimize both total number  of R2+R 2+ 
pairs, N22, and also the total number  of Fe3+A1 pairs, 
NFA, appearing in lattice in directions b~ and b2. Clear- 
ly, the numbers of these cation pairs in the b-direction 
should not be considered since they are fixed by Wik. 
Note that constraints imposed by Wik may make it 
impossible to obtain minimal  values of N22 and NFA 
simultaneously. In this case (the so-called multiobjec- 
tive problem) an attempt to decrease N22 as much as 
possible may increase the value of NFA and vice versa. 
To make an explicit algorithm for lattice filling, it is 
necessary to define a combined, single objective func- 
tion. The simplest way is to introduce a penalty func- 
tion, f(a) = o/'NFA -~- (1 - a)N22, where parameter a 
is to be pre-set. 

The process of lattice filling is intended to obtain a 
cation distribution which would minimize the penalty 
function. Since it is impossible to implement any exact 
algorithm of minimizat ion for such a complicated 
combinatorial situation, an heuristic algorithm was 
proposed. It consists of two stages. The first stage is 
the filling itself, and the second stage is so-called "im- 
provement."  

At the first stage cation pairs are picked up from the 
pool randomly, one-by-one. Then, a place is found for 
the chosen pair in the honeycomb lattice along the 
b-axis. To do this, ten possible vacant places are ran- 
domly chosen, and the best one is determined. Clearly, 
the best site for allocating the cation pair is the site 
where the pair's positioning will minimize the penalty 
function. The cation pair is fixed in this optimal po- 
sition. 

After the whole lattice has been filled, the improve- 
ment  stage begins. This procedure consists o fa  pre-set 
number  of steps, with an attempt at each step to ex- 
change two randomly chosen cation pairs. If this at- 
tempt results in decreasing the penalty function, the 
exchange is fixed. This two-staged process seems to be 
satisfactory for obtaining rather random cation distri- 
bution which minimizes the penalty function. 

After the process of lattice filling is completed, some 
numerical parameters of the cation distribution are 
calculated. They include: relative weights of 3R 3+-, 
2R3+lR 2§ 2R2+lR 3+-, and 3R2+-arrangements con- 
sisting of three octahedral cations nearest to the central 
Fe 3+, which are relevant in Mrssbauer spectroscopy; 
the total number  of mlFe 3+ and/or R2+R 2+ pairs in b~, 
b2, and b-directions that shows the effectiveness of the 
penalty function; the number  of arrangements includ- 
ing three identical cations nearest to the central cation 
of the same sort (e.g., AI-3AI), which allows evaluation 
of the degree of cluster variation as undesirable cation 
pairs in b~ or b2 directions are eliminated. It should be 
noted that since local patterns of cation distribution 
cannot be adequately accounted for on the border of 
the lattice, the bordering cation pairs are not included 
in numerical parameters. After running a pre-set num- 

ber of trials, the average values and standard deviations 
of these parameters are obtained. 

We can proceed with a single lattice (number of trials 
is 1) to visualize the results. Any part of  the filled lattice 
can be displayed or printed after any step of improve- 
ment procedure. This option indicates such peculiar- 
ities of the cation distribution as the shape, cation com- 
position, and size of resulting domains varying with a 
and number  of steps in the improvement  procedure. 

Thus the program considers a wide range of cation 
distributions with clearly formulated simulation con- 
ditions even within the limits specified by the experi- 
mental Wik values (i, k -- Mg, Fe 2+, Fe 3+, A1). For 
example, mode "IR-equiv., a = 0.5" means that the 
filling of the honeycomb lattice with W~k values that 
correspond to the equivalence ofcis-positions with re- 
spect to occupancy by cations of distinct types is per- 
formed with prohibition of both AlFe 3+ and R2+R 2+ in 
b~ or  b E directions. If a is 0, pairs R2+R 2+ should be 
forbidden in b~ or bE directions, and a = l implies 
prohibition of AIFe 3+ pairs in these directions. Further 
on, in simulating cation distribution, we considered 
only the a values listed. 

EXPERIMENTAL 

Glauconite B. Pa tom has the composition {Ko.74- 
Nao.01 Cao.o6 Mgo.06 } [5i3.49 Alo.sd (A11.15 Fe3+0.34 Fe2+0.20 - 
Mgo,3o)O~o(OH)2 calculated using the Fe3+/Fe 2+ ratio 
obtained from the Mrssbauer spectrum. This sample 
was described mineralogically by Nikolaeva (1977). In 
accordance with X-ray and electron diffraction data, 
this glauconite is monomineralic and dioctahedral with 
vacant trans-octahedra (Kameneva, 1986). 

The IR-spectrum in the region of OH-stretching fre- 
quencies was previously studied by Slonimskaya et al. 
(1986). Therefore we will not discuss the details in 
fitting of dioctahedral mica IR spectra, confining our- 
selves to the results obtained. Table 1 demonstrates 
integrated optical densities of individual absorption 
bands with corresponding frequencies (column 1). 

It should be noted here that in some cases the method 
developed by Slonimskaya et al. (1986) provides the 
correction of the crystallo-chemical formulae of glau- 
conites with respect to AI and Fe 3+ distribution be- 
tween tetrahedral and octahedral sites. As to the glau- 
conite B. Patom,  neither fitting of its IR-spectrum nor 
comparison of the bexp parameter with the bt parameter 
calculated without tetrahedral rotation (Drits et aL, 
1992) indicates Fe 3+ presence in tetrahedra. This is 
important when the initial parameters for M/Sssbauer 
spectrum fitting are specified. 

The Mrssbauer spectrum (Figure 2) was measured 
at room temperature using a 57Co/Cr source and SM 
2201 spectrometer. To eliminate the orientation ef- 
fects, the sample was prepared in a hollow cone form 
with an approximately 55 ~ half-cone angle (Popov et 
at., 1988). While the absorber sample was in an in- 
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cl ined posit ion,  the absorber  thickness d id  no t  exceed 
7 mg  F e / c m  2. 

The  MSssbauer  spec t rum was fitted to a series o f  
doublets.  Lorentz ian  l ineshape was assumed,  and all 
componen t s  were assumed to have  symmet r i c  inten-  
sifies and l inewidths.  It  is well known that  poor  reso- 
lut ion o f  spectra inevi tably  yields a certain la t i tude in 
the n u m b e r  o f  doublets  fitted and their  parameters .  In  
another  words,  statistically good fit m a y  be ach ieved  
with var ious  number s  o f  doublets  and /o r  their  pa ram-  
eters. The  low yield o f  in fo rmat ion  f rom the fitted spec- 
tra, as well as their  unsat isfactory crysta l lo-chemical  
in terpreta t ion are the consequences  o f  this general 
problem.  At t empts  to o v e r c o m e  these difficulties have  
taken several  direct ions:  artificially increasing effective 
resolut ion o f  M6ssbauer  spectroscopy, measur ing  o f  
spectra at low tempera tures  in an external  magnet ic  
field, and others. We  use the m e t h o d  which includes a 
more  or  less " h a r d "  model ,  assuming a certain n u m b e r  
o f  doublets  wi th  a priori known quadrupole  splittings 
to fit the  r o o m  tempera tu re  spectrum. In the next  two 
sections we discuss a substant ia t ion o f  this model .  As  
to the fitting program, it responds to the chosen me th -  
od; namely,  it supports  the convergence  inside the l im- 
i ted var ia t ion  intervals  for such parameters  as half- 
width  P, quadrupole  splitt ing A, i somer  shift ~ and even  
an intensi ty o f  a c o m p o n e n t  doublet .  The  same pro-  
gram may  be used to synthesize spectra. 

R E S U L T S  

Domain structure of  glauconite B. P a t o m  

It follows f rom the crysta l lo-chemical  formula  o f  the 
glauconite  in ques t ion  that  its compos i t ion  is essen- 
tially heterogeneous.  At  the same t ime  the M r s s b a u e r  
spec t rum (Figure 2) has relat ively narrow componen t s  
and resembles  a celadoni te  spectrum. Two  factors in- 
teracting in the glauconi te  structure m a y  be supposed 
to explain this peculiari ty.  O n  the one hand,  the high 
A1Al-pair content  ( ~  40%) and the low ( ~  8%) A1Fe 3+- 
pair  content  (Table 1) imply  a tendency for AI and Fe 3+ 
segregation. On  the o ther  hand,  the principle  o f  local 
electrical neutral i ty  may  be obeyed where possible. I f  
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Figure 2. M6ssbauer spectrum of glauconite B. Patom at 
room temperature. The fitted spectrum (dots) is calculated 
according to the parameters of Table 4. 

this is so, the glauconite  structure m a y  be cons idered  
as a combina t ion  o f  il l i te-like and  celadoni te- l ike  do-  
mains.  The  same idea was used earl ier  for the inter-  
preta t ion o f  M6ssbauer  spec t rum of  ano ther  glauco- 
nite, but  the compos i t ion  o f  doma ins  and the balance 
be tween them were conven t iona l  to a considerable  ex- 
tent  (Dainyak,  1985). 

I f  the percentage o f  illite- and celadoni te- l ike  do-  
mains,  as it was suggested earl ier  (Dainyak,  1985), is 
de t e rmined  by subst i tut ion o f  Al  for Si in te trahedra,  
then the crysta l lo-chemical  fo rmula  o f  the glauconi te  
B. Patom m a y  be represented as: 

51% M+L0 [Si3.oAll.o]A1E.oOm(On)2 
49% M+t oSi4 o(Alo 27Fe3+o.71Fe2+o 41Mgo.6~)O m(OH)2 

R e m e m b e r i n g  that  both  o f  these componen t s  are 
present  in the IR- spec t rum and  give absorp t ion  bands,  
presented  in Table  1 (co lumn 1), it is qui te  possible to 
es t imate  appropr ia te  integrated optical  densities.  It  is 
ev iden t  that  i l l i te-like doma ins  should give AIA1 bands  
only. For  celadoni te- l ike doma ins  integrated optical  
densit ies Wik should be adjusted so that  the sum o f  
cat ion i cont r ibut ions  to these bands  is equal  to its 
content,  e.g., 

WAI = (2WA, AI "[- (WA,Mg) 4- (WAIFe2+) -~- (WAIFe3+). 

Table 1. Correlation between OH-stretching frequencies and 
of IR band (%): I - in accordance with computer-resolved IR 
- assuming 35% of illite-like domains present. 

the corresponding cation pairs, and integrated optical densities 
spectrum; II - assuming 51% of illite-like domains present; III 

Wave  n u m b e r  Exper imenta l  
(cm ~) Ca t ion  pa i r  da ta  

II I I l  

2 3 

49% o f  celado- 51% of  illite- 
nite-like like Tota l  IR-  

d o m a i n  spec t rum 

5 6 

65% o f  celado-  35% o f  illite- 
nite-l ike l ike Tota l  IR-  

d o m a i n  spec t rum 

3624 
AIA1 38.1 -- 100.0 51.0 11.0 100.0 42.2 3645 

3607 MgA1 26.7 27.0 -- 13.0 36.0 -- 23.4 
3589 A1Fe 3+ 8.1 -- -- -- 12.0 -- 7.8 
3559 MgFe > 6.9 30.0 -- 14.6 10.0 -- 6.5 
3531 Fe 3+ Fe z+ 20.2 41.0 -- 20.0 31.0 -- 20.2 

MgMg - -  3 . 0  - -  1 . 4  - -  - -  - -  
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Table 2. Occurrence probabilities of the b-oriented cation pairs Wik (i,k = Mg, Fe 2+, Fe 3§ A1) in accordance with hypothetical 
IR-spectrum of celadonite-like domains (column 5 of Table 1): a) equivalence of cis-positions "I" and "II" with respect to 
cations of various types and b) preferential occupancy of one of the positions by R 2§ cations. 

a b 

I I 

II Mg Fe 2+ Fe 3. AI W~, II Mg Fe z+ Fe 3+ AI Wk 

Mg 0.0 0.0 0.05 0.18 0.23 Mg 0.0 0.0 0.0 0.0 0.0 
Fe 2§ 0.0 0.0 0.16 0.0 0.16 Fe 2+ 0.0 0.0 0.0 0.0 0.0 
Fe 3§ 0.05 0.15 0.0 0.06 0.26 Fe 3+ 0.10 0.31 0.0 0.06 0.47 
A1 0.18 0.0 0.06 0.11 0.35 A1 0.36 0.0 0.06 0.11 0.53 

1.0 1.0 W~ 0.23 0.15 0.27 0.35 1.0 W i 0.46 0.31 0.06 0.17 1.0 

Column 4 of  Table 1 shows hypothetical IR-spec- 
trum for the percentage of  domains given above. It can 
be seen that integrated optical densities differ consid- 
erably from those obtained from the experimental 
IR-spectrum (column 1). I f  one supposes that the illite- 
like domains content is close to the experimental in- 
tegrated optical density of  A1A1 band, then: 

35% M § [Si3A1,]A12Oto(OH)2 
65% M+ dSi3.75A10.25](Alo.7oFe3+o.53Fe2+o.31Mgo.46) 

O l 0 ( O H ) 2 .  

The integrated optical densities corresponding to 
these compositions are given in section III of  Table 1. 
One can see that they agree well with the experiment. 
In this way, the data obtained from the IR-spectrum 
make it possible to substantiate the composition of  
domains, although some uncertainty as to the domain 
boundaries remains. 

The model and the fitting of the spectrum 

In terms of  the supposed domain structure, the 
Mrssbauer  spectrum of  the glauconite B. Patom is de- 
termined by celadonite-like domains, including all Fe 
present in the sample. Our next step in constructing 
the model  to fit this spectrum is the synthesis of  Mrss-  
bauer spectra corresponding to the various modes of  
cation distribution and the comparison with the ex- 
perimental one. Here we make another important sup- 
position which implies the application of  point-charge 
calculations of  the field gradient in Zavalie celadonite 
(Dainyak and Drits, 1987). In accordance with these 
calculations, the spectrum may include three Fe 3+ dou- 
blets: the doublet with quadruple splitting (A) of  ap- 
proximately 0.17 mm/s  assigned to Fe 3§ with three 
nearest R 3§ cations (arrangement 3R 3§ referred to as 
F), the doublet with A value of  approximately 0.36 
mm/s  assigned to Fe 3* in 3R 2§ (arrangement referred 
to as A), and the doublet with A of  approximately 0.6 
mm/s  assigned to Fe 3§ in mixed-type arrangements 
2R3+IR 2+ and 2R2+lR 3§ (referred to as K). 

The computer program described and the integrated 
optical densities listed in column 5 of  Table 1 were 
used to evaluate the expected intensities for Fe3+-dou - 
blets. As b-oriented R2+R 2§ pairs are absent (Table 1), 

the occurrence probability WR2eR2+ equals 0 and the 
HDC principle is realized at the one-dimensional level. 
To analyze in what way the I-IDC principle may be 
realized at the two-dimensional level, at least two sit- 
uations should be considered. The first is the " IR-  
pref." mode with R 2§ cations situated, for example, 
only in the "left"  cis-positions (with fixed b-direction). 
In this case, as was mentioned above, the HDC prin- 
ciple is automatically extended to the two-dimensional 
octabedral net, and the cation distribution with an im- 
posed "segregation" limitation can be analysed i f  the 
penalty function parameter a equals 1. The second case 
is the " IR-equiv ."  mode. Here, either H D C  limitation 
(a = 0), or both HDC and "segregation" limitation (a 
= 0.5) may be imposed. Table 2 represents integrated 
optical densities for celadonite-like domains (column 
5 of  Table 1) given as a matrix of  occurrence proba- 
bilities of  cation pairs in adjacent cis-octahedra linked 
through OH-groups. Matrix (a) corresponds to equiv- 
alence of  cis-positions ' T '  and " I I "  with respect to 
occupancy by cations of  distinct sorts. Matrix (b) cor- 
responds to preference of  R 2§ cations for one o f  the 
cis-positions. Four extreme modes were chosen for 
synthetic spectra: " IR-equiv ."  and "IR-pref ."  for ran- 
dom distribution of  cation pairs with relevant Wik (ma- 
trix a and b of  Table 2), and "IR-equiv. ,  a = 0.5, S = 
3000," and "IR-pref.,  a = 1, S = 3000". For these 
modes the occurrence probabilities WA, WF, and WK 
for 3R :§ 3R 3§ and mixed - type  a r rangements  
2R 3§ 1R 2§ and 2R 2§ 1R 3§ were calculated. 

Supposing the equality of  recoil-free fraction f for 
considered structural Fe sites, the intensities of  the 
expected doublets may be proportional to the corre- 
sponding calculated occurrence probabilities. Table 3 
demonstrates the normalized intensities for the four 
analyzed modes of  cation distribution. Relative weights 
for Fe2§ and a Fe3+/Fe 2§ ratio were deter- 
mined from the experimental spectra. Isomer shifts for 
Fe3+-doublets were assumed to be equal. The shift of  
the centre of  gravity for Fe3+-doublets with respect to 
the centre of  gravity for Fe2+-doublets was determined 
from the experimental spectra. The half-widths for all 
doublets were considered to be equal to 0.3 mm/s.  The 
results o f  the synthesis are shown in Figure 3. Changes 
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Figure 3. Computer synthesized M6ssbauer spectra for glau- 
conite B. Patom, line widths 0.3 mm/c. (A) "IR-equiv." mode, 

Table 3. Normalized intensities used to synthetize M6ss- 
bauer spectra of glauconite B. Patom for various cation dis- 
tribution modes. 

Cation distribution mode 

"IR-equiv. ,  "IR-pref.,  
a = 0 . 5 ,  a =  1.0, 

Doublet  "IR-equiv."  S = 3000 . . . .  IR-pref.'" S = 3000"  

F 0.05 0.01 0.07 0.07 
A 0.07 0.18 0.34 0.35 
K 0.50 0.43 0.21 0.20 
Fe z+ 0.22 0.22 0.22 0.22 
Fe 2+ 0.16 0.16 0.16 0.16 

in the form of  the spectra and the visual  quadrupo le  
splitting depend  upon  whether  c is-posi t ions ' T '  and 
" I I "  are equ iva len t  wi th  respect to occupancy by cat- 
ions o f  var ious  valencies  and to a m i n o r  extent  upon  
a d i scr imina t ion  o f  R2+R 2+ and A1Fe 3+ pairs or iented 
in the bl or  b2 directions.  A closer approx ima t ion  to 
the exper imenta l  spec t rum (Figure 2) is ach ieved  by 
using " IR-p re f . "  modes.  The  decis ive factor is the max-  
i m u m  relat ive intensi ty for the A double t  that  corre-  
sponds to the m a x i m u m  occurrence probabi l i ty  WA for 
Fe 3§ with three nearest  R 2+ cations. 

The  synthesis parameters  for " I R - p r e f . "  modes  were 
used as the init ial  parameters  for fitting the experi-  
menta l  spectrum. The  only difference was that  the pos-  
sibility for the presence o f  a low intensi ty  double t  wi th  
A o f  approx imate ly  1.0 m m / s  assigned to Fe  3+ in de- 
hydroxyla ted  octahedra  (see, for example,  Da inyak  
1985; Bowen et al., 1989) was taken into  account .  The  
fitted parameters  o f  the spec t rum are shown in Figure 
2 and in Table  4. The  X 2 for the fitting is 1.6. W h e n  
the intervals  for A and ~ fitting parameters  were ra ther  
narrow, the decrease in a n u m b e r  o f  double ts  gave • 
a value  o f  7.8, or  higher. 

It follows f rom the M6ssbauer  parameters  repre-  
sented in Table  4 that  the spec t rum o f  the glauconi te  
B. Patorn can be formal ly  fitted to the n u m b e r  o f  dou-  
blets with their  A values  and intensit ies cor responding  
to the suggested model .  As the mode l  was const ructed 
for a hypothet ical  celadonite  wi th  a crys ta l lo-chemical  
formula  including about  65% of  the glauconite  B. Pa-  
tom,  it is wor thwhi le  to evaluate  whether  a cat ion dis- 
t r ibut ion showing a coexis tence o f  celadoni te- l ike  and 
illite-like doma ins  can be s imula ted  for the glauconi te  
studied. 

4--- 

equivalence of cis-positions " I "  and "II"  with respect to cat- 
ions of various types, random distribution of cation pairs with 
W~k values from matrix (a) of Table 2; (B) "IR-equiv.", a = 
0.5, S = 3000 mode, equivalence ofcis-positions, both HDC 
and "segregation" limitations imposed, 3000 steps in the im- 
provement procedure; (C) "IR-pref." mode, random distri- 
bution of cation pairs with W~k values from matrix (b) of  Table 
2; (D) "IR-pref.", c~ = l, S = 3000 mode, preference of R 2§ 
cations to one of cis-positions, "segregation" limitation im- 
posed, 3000 steps in the improvement procedure. 
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Table 4. Mrssbauer parameters for glauconite B. Patom at 
room temperature (x 2 = 1.6) ~ 

Doublet  A ,~ Y 
assignment (mm/s) (mm/s) (mm/s) % 

Fe3+ 2 F 0.19 0.37 0.28 7.1 
A 0.39 0.37 0.38 37.2 
K 0.60 0.37 0.38 16.2 
"x"  1.08 0.40 0.40 3.2 

Fe 2+ 2.82 1.14 0.30 14.8 
Fe 2+ 1.92 1.07 0.57 21.5 

Isomer shift 6 vs. a-Fe, quadrupole splitting A, full width 
at half-maximum F and relative peak area %. Estimated errors 
are _+ 0.01 mm/s  for 6 and _+ 0.02 mm/s  for A. Estimated error 
in % is _+ 3%. 

2 Cations Fe 3+ occupy cis-positions only. Symbols F, A, and 
K denote the (3R3+), (3R 2+) and (1R 2§ 2R 3§ 1R ~+ 2R 2+) ar- 
rangements consisting of three octahedral cations nearest to 
the central Fe 3§ Symbol "x"  stands for Fe 3+ in dehydroxylated 
octahedra. 

Computer simulation of  the octahedral cation 
distribution in glauconite B. P a t o m  

Here ,  the  in teg ra ted  opt ica l  dens i t i e s  o f  the  c o m -  
p o n e n t  b a n d s  in  the  g lauconi te  I R - s p e c t r u m  ( c o l u m n  
I o f  Tab le  1) m u s t  be used as a s tar t ing point .  As  in the  
case for  c o m p u t e r  s i m u l a t i o n  o f  ca t ion  d i s t r i b u t i o n  in 
hypo the t i ca l  ce ladoni te ,  two poss ib i l i t ies  for  fulfil l ing 
the  H D C - p r i n c i p l e  a t  the  t w o - d i m e n s i o n a l  level  s h o u l d  
be  cons idered .  Tab le  5 r ep resen t s  in t eg ra ted  opt ica l  
dens i t i es  f r o m  c o l u m n  I o f  T a b l e  1 g iven  as a m a t r i x  
o f  occu r rence  p robab i l i t i e s  o f  ca t ion  pa i rs  in  ad j acen t  
c i s -oc t ahedra  l inked  t h r o u g h  OH-groups .  M a t r i x  (a) 
c o r r e s p o n d s  to equ i va l ence  o f  c i s -pos i t ions  " I "  a n d  
" I I , "  w i th  respec t  to  o c c u p a n c y  by  ca t ions  o f  va r ious  
sor ts  ( " I R - e q u i v . "  mode) .  M a t r i x  (b) co r r e s ponds  to 
p re fe rence  o f  R 2+ ca t ions  to  one  o f  the  c i s -pos i t ions  
( " I R - p r e f . "  mode) .  

W e  ana lysed  the  occur rence  p robab i l i t i e s  WA, WE, 
a n d  W ~  for  a r r a n g e m e n t s  A, F, a n d  K versus  the  oc- 
cu r rence  p robab i l i t y  WA~-3A~ for  " c l u s t e r i ng"  A1-3A1 ar-  
r a n g e m e n t  for  b o t h  modes .  T h e  c o r r e s p o n d i n g  cu rves  
are s h o w n  in  Figures  4 A - C .  T h e  s ta r t ing  p o i n t s  (dashed  
ver t ica ls)  for  these  d e p e n d e n c e s  c o r r e s p o n d  to r a n d o m  
d i s t r i b u t i o n  o f  ca t ion  pa i r s  w i th  r e l evan t  W m  for  each  

J 

' ] g) I 
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Figure 4. Occurrence probabilities WA, W~, and W~ versus 
occurrence probability WA~-3A~ for cation distribution modes: 
(A) "IR-pref . ' ,  a = 1.0; (B) "IR-equiv. ' ,  a = 0.5; and (C) 
"IR-equiv.", o~ = 0.0. The dashed vertical indicates points 
corresponding to random distribution of cation pairs with Wik 
values (i, k = Mg, Fe 2+, Fe 3+, Al) derived from computer- 
resolved IR-spectra. 

mode .  O t h e r  po in t s  c o r r e s p o n d  to ca t ion  d i s t r i b u t i o n s  
wi th  the  m i n i m u m  pena l ty  func t i on  a t  the  consecu t ive  
levels  o f  the  " i m p r o v e m e n t "  p rocedure .  

In " IR-equ iv . ' "  mode ,  the  supp re s s ion  o f  b o t h  A1Fe 3+ 
a n d  R2§ 2§ pa i rs  in  b~, b2 d i r ec t ions  (a  = 0.5) does  no t  
yield cons ide rab le  segregat ion:  WA,-3A~ va lue  does  no t  
exceed 0.32 (Figures 4B a n d  4C), whi le  i ts m a x i m u m  
value,  as can  be  s h o w n  in  the  case o f  abso lu te  segre- 
ga t ion  o f  A1, wou ld  be  0.57. T h e  p robab i l i t y  range  o f  
a r r a n g e m e n t s  A, F, a n d  K is r a t h e r  na r row,  w i th  the  
K a r r a n g e m e n t  p r e d o m i n a n t .  T h e  s i tua t ion  radica l ly  
changes  in  " IR-pre f . ,  a = 1 m o d e  (Figure 4A). T h e  
p robab i l i t y  for  A1-3A1 a r r a n g e m e n t  var ies  f r o m  0.22 
to 0 .44 so t h a t  for  va lues  exceeding  0.36 the  A ar-  

Table 5. Occurrence probabilities of cation pairs W~k (i,k = Mg, Fe 2§ Fe 3§ A1) for the b direction (column 1 of Table 1) 
corresponding to: a) equivalence of  cis-positions "'I'" and "II"  with respect to cations of various types and b) preferential 
occupany of one of the positions by R 2§ cations. 

a b 

I I 

II Mg Fe 2§ Fe 3+ AI Wk II Mg Fe 2+ Fe 3+ A1 W k 

Mg 0.0 0.0 0.03 0.13 0.17 Mg 0.0 0.0 0.0 0.0 0.0 
Fe 2§ 0.0 0.0 0.10 0.0 0.10 Fe 2§ 0.0 0.0 0.0 0.0 0.0 
Fe 3+ 0.03 0.10 0.0 0.04 0.17 Fe ~§ 0.07 0.20 0.0 0.04 0.31 
A1 0.13 0.0 0.04 0.38 0.55 A1 0.27 0.0 0.04 0.38 0.69 

1.0 1.0 
W~ 0.17 0.10 0.17 0.55 1.0 W~ 0.34 0.20 0.04 0.42 1.0 
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rangement becomes prevalent. The difference between 
the case ofcis-posit ion equivalency with respect to R ~§ 
and R ~§ occupancy and the case o f  R 2§ preference to 
the one of  cis-positions is well illustrated by the WA, 
WF, and W~ triangle (Figure 5). 

Dispersion fields for probabilities corresponding to 
these cases do not overlap. The computer simulation 
has shown that with different Wn, WF, and WK sets the 
effectiveness of  the penalty function with parameter a 
= 1.0 for the "IR-pref ."  mode and with parameter a 
= 0.5 for the " IR-equ iv . "  mode is the same. No R~§ ~+ 
pairs are present in b,b2 directions, while the number 
of  remaining A1Fe ~§ pairs is almost the same. Two 
conclusions follow from this result. The first is that the 
HDC principle may be realized independent of  pref- 
erence or non-preference for R :§ cations for one of  the 
cis-positions. The second is that imposing the principle 
o f  homogeneous dispersion o f  charges along with sup- 
pressing A1Fe 3+ pairs is necessary, but not sufficient for 
the formation o f  more or less large domains. From the 
crystallo-chemical point of  view, the decisive role here 
is played by non-equivalency o f " l e f t "  and "right" cis- 
positions (with fixed b-direction) with respect to the 
R 2§ and R 3+ occupancy. 

The mode of  cation distribution "IR-pref.,  a = 1.0, 
S = 3000" contains arrangements A, F, K whose oc- 
currences are the closest to those obtained from the 
computer resolved M/Sssbauer spectrum. In fact, oc- 
currence probabilities Wa, WF, and W~ derived by 
normalizing the relevant areas under peaks A, F, and 
K to their total area in MSssbauer spectrum are equal 
to 0.61, 0.11 and 0.28, respectively. These probability 
values for the cation distribution mode are equal to 
0.56, 0.12, and 0.32, respectively. A fragment of  this 
mode is shown in Figure 6. The structure is divided 
into illite-like domains o f  two to three unit cells (en- 
circled with a line) and celadonite-like domains o f  three 
to four unit ceils. 

DISCUSSION 

The MSssbauer spectrum of  the glauconite B. Pa tom 
conforms to the model for which the glauconite struc- 
ture is composed of  celadonite-like and illite-like do- 
mains. Non-equivalence of  ' T '  and " I I "  cis-positions 
with respect to R 2§ and R 3§ occupancy is realised in 
celadonite-like domains. Moreover, a decisive role in 
formation of  more or less large domains is played by 
this non-equivalency. It is noteworthy that such a con- 
cept of  glauconite structure satisfies both IR-spectros- 
copy data characterizing one-dimensional cation dis- 
tribution and MSssbauer spectroscopy results sensitive 
to local order-disorder at the two-dimensional level. 
The results also agree with the model of  Townsend et 
al. (1987) for the interpretation o f  the ferromagnetic 
ordering at 1.3 K in glauconite. In their model, Fe 3§ 
cations are distributed over  cis-positions so as to max- 
imize their mutual separation implying the ordered 

7 

7 
WA 20 40 60 80 WK 
Figure 5. (WA-W?WK)-triangle: I--"IR-pref.", o~ = 1.0 (;@~); 
II--"IR-equiv. ' ,  a = 0.5 (l~) and a = 0.0 (m). Asterisk (*) 
stands for the point corresponding to random distribution of 
cations (but not of cation pairs). 

alteration of  Fe 3+ in cis-positions, i.e., preference of  
Fe 3+ to one o f  the positions. In addition, the transition 
to ferromagnetic ordering occurs within a certain tem- 
perature interval indicating an unhomogeneous struc- 
ture. It is the domain structure ofglauconite that causes 
this unhomogeneity. 

The domain structure o f  glauconite may imply spe- 
cific formation conditions which may interest geolo- 
gists and mineralogists. However,  the example consid- 
ered does not cover all the diversity of  natural 
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Figure 6. A port ion o f  the octahedral sheet ofglauconite, B. 
Patom, simulated under condit ions " IR-pre f . " ,  a = 1.0, S = 
3000. Illite-like domains (Fe-free) are enclosed by a line. F3-- 
Fe a§ cation, F2--Fe 2§ cation. 
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glauconites. In order to elucidate whether domain 
structure is wide-spread in glauconite, additional in- 
vestigations are required. One may hope that M~Sss- 
bauer spectroscopy will prove useful in this respect. 
The use of the computer program described is likely 
to promote the interpretation of the other glauconite 
spectra. It should be noted, however, that construction 
of a "hard" model for fitting the spectra also needs 
further improvement.  This is especially true for EFG 
calculations for various nearest cation arrangements 
around Fe 3+. 

Calculations of EFG for Zavalie celadonite, non- 
tronite and Red muscovite based on structural mod- 
eling (Dainyak et al., 1984a, 1984b, 1984c; Dainyak, 
1985; Dainyak and Drits, 1987) have shown that the 
fairly wide range of A values corresponding to various 
cation arrangements around Fe 3§ for the given struc- 
ture is directly associated with the peculiarities in the 
shape of the Fe3+-octahedra that depends on the nearest 
coordinating cations, and therefore differs from the 
octahedral shape in the averaged structure. At the same 
time, determination of the shape of an individual oc- 
tahedron using structural modeling originates, to a con- 
siderable extent, from the average structure. This ap- 
proach is justified by comparison of the Aex p and Acal 
values for the nearest cation arrangements around Fe 3+ 
that are identical with respect to cation valencies but 
differ in cation types, such as are present in distinct 
minerals. For example, (3Fe 3+) arrangement in Zavalie 
celadonite results in Aexp = Aeal = 0.17 mm/s  while 
arrangement (3A1) in Red muscovite results in Ar = 
0.74 mm/s  and A ,  = 0.72 mm/s  (Dainyak and Drits, 
1987). This correlates with the octahedral flattening 
angle, ff = arccos (hoct)/2do,, where (hoe,) is the mean 
octahedral thickness and doc, is the mean octahedral 
cation-anion distance. The ff values for Zavalie cela- 
donite and Red muscovite are 56.2* and 57.1 ~ respec- 
tively. 

Since the crystallo-chemical formula for hypotheti- 
cal celadonite used in constructing the model differs 
from that of Zavalie celadonite, it is appropriate to 
evaluate the ~k value in hypothetical celadonite. Syn- 
thesized spectra shown in Figure 3 once again confirm 
the need to do this. If the whole range of r for 
hypothetical celadonite is assumed to be shifted to the 
left along the velocity scale, then spectra shape for "IR- 
equiv." modes (Figures 3A and 3B) might be closer to 
that of the experimental spectrum. It is obvious that a 
totally different model would then be chosen for fitting 
the experimental spectrum. The recent achievements 
in structural modeling (Smoliar-Zviagina, 1991; Zvia- 
gina and Drits, 1991; Drits and Smoliar-Zviagina, 1992) 
allow estimation of ff directly from the chemical com- 
position of the hypothetical celadonite. Application of 
the regression equations of Smoliar-Zviagina (1991) 
yields ff = 56.6 ~ This value implies that the A range 
may be shifted, if at all, only to the right along the 

velocity scale, indicating that the choice of the model 
is justified by the structural features of the hypothetical 
celadonite. Since, however, not all glauconite spectra 
contain prompts indicating the presence of celadonite- 
like domains, special EFG calculations can hardly be 
avoided in the future. 

Among other features of the fitting presented in Fig- 
ure 2 and Table 4, note the Fe3+-doublet with A = 1.08 
mm/s  denoted as "'x'" that might correspond to Fe 3§ 
in dehydroxylated octahedra. Since the intensity of this 
doublet is low, its presence can be treated as an artifact 
resulting from the fitting with Lorentzian peak line- 
shapes. 

The nature of two Fe2+-doublets will not be analyzed 
in this paper. We note, however, that consideration of 
nearest-neighbour cations arrangements is appropriate 
not only for Fe 3§ but for Fe 2§ also. 
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