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INTERPRETATION OF MÖSSBAUER SPECTRA OF 
NONTRONITE, CELADONITE, AND GLAUCONITE 
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Abstract-A new approach to the interpretation ofMössbauer spectra ofFeH -phyllosilicates having vacant 
trans-octahedra is based on (I) crystal structure simulation methods that allow for the size and the shape 
of a FeH -octahedron as a function of the nearest surrounding cations; and (2) calculations of electric field 
gradients (EFG) on Fe3+ in terms ofthe ionic point-charge model. Calculations were performed by direct 
summation within the region ofradius ~50 A. Coordinates for the anions in the coordination octahedra 
have been assigned to take into account the nearest cationic environment. Atomic coordinates for the 
rest ofthe summation volume are those for the average unit cello EFG calculations for cation combinations 
responsible for the visible quadrupole splitting ~vi' in the spectra of nontronite, "red" muscovite, and 
celadonite have led to good agreement between ~vi' and ~Ic. Computer fitting of the nontronite and 
celadonite spectra based on EFG calculations for the rest of the possible cation combinations suggests 
that the distribution of tetrahedral cations in nontronite obeys the Loewenstein rule, and in celadonite, 
the distribution of R3+ and R 2+ over cis-octahedra is predominantly ordered, in agreement with electron 
diffraction and infrared spectroscopy data. The Mössbauer spectrum of one of the glauconites suggested 
the presence of celadonite-like and muscovite-like domains in its 2: I layers. 

Key Words- Atomic coordinates, Celadonite, Electric field gradient, Glauconite, Mössbauer spectroscopy, 
Nontronite. 

Pe31OMe-OnHcaH HOBbIß nowco~ K HHTepnpeTaU;HH Mecc6appoBcKHX cneKTPOB FeH-ItlHJIJIocHJIHKaTOB c 
BaKaHTHblMH TPaHC-OKTa3~paMH. OH OCHOBaH Ha: (1) npHMeHeHHH MeTO~OB CTPYKTypHoro MO~eJIHpOBaHHH, 
n03BOJIHIOII(HX Y'!HTbIBaTb p33Mep H 1j!0PMY Fe3+ -oKTa3~a B 3aBHCHMOCTH OT 6JIHXaiillIHx oKpyxalOII(HX 
KaTHOHOB; (2) paclfeTax rpa~HeHTOB 3JIeKTPHlfecKHx nOJIeß (r3II) Ha H~pe Fe3+ B MO~eJIH HOHHblX TOlfelfHblX 
3apH~OB. PaclfeTbl BbInOJIHHJIHCb npHMblM CYMMHpoBaHHeM B 06JIaCTH P~HYCOM ~ 50 A. Koop~HHaTbl 
aHHOHOB KOOP~HHHpYIOII(erO OKTa3~pa 3~aBaJIHCb B COOTBeTCTBHH c 6JIHxaßJIIHM KaTHOHHblM OKPyxeH­
HeM. B OCTaJIbHOß 06JIaCTH CYMMHpoBaHHH HCnOJIb30BaJIHCb Koop~HHaTbl aTOMOB ycpeMeHHoß 3JIeMeH­
TapHoH HlfeßKH. 

PaclfeTbl r3II MH KOM6HHaU;HH KaTHOHOB, OTBeTCTBeHHblX 3a BH~HMoe KBa~pynOJIbHOe paCII(enJIeHHe 
~BH" B cneKTpax HOHTPoHHTa, "KpacHoro" MycKoBIlTa H ceJI~OHHTa, npHBeJIH K XOpOJIIeMY COrJIaCHIO Mex~y 
~BH" H ~pac". 113 pa3JIOXeHHH cneKTpoB HOHTpOHHTa H CeJIa~OHHTa, oCHoBaHHoro Ha paclfeTax r3II MH 
OCTaJIbHblX B03MOXHblX KOM6HHaU;Hß, CJIe,ll;yeT, lfTO pacnpe,ll;eJIeHHe TeTpa3~pHlfecKHX KaTHoHoB B HOH­
TpoHHTe nOAlfHHHeTCH npaBIIJIY JIeBeHJIITeHHa, a B CeJI~OHHTe pacnpe,ll;eJIeHHe KaTHOHOB R3+ H R2+ no U;HC­
OKTa3~aM HBJIHeTCH npeHMYII(eCTBeHHO ynopH,ll;OlfeHHbIM, lfTO corJIacyeTcH c 3JIeKTpOHorpalj!HlfecKHMH H 
I1K-cneKTpocKonHlfecKHMH ,ll;aHHbIMH. 

113 aHaJIH3a Mecc6aY3pOBcKoro cneKTpa OMoro H3 rJIaYKOHHTOB CJIe,ll;yeT HaJIHlfHe CeJIa~OHHTOnO,ll;06HbIX 
H MYCKOBHTOnO,ll;06HbIX ,ll;OMeHOB B 2: I CJIOHX erD CTPYKTYPbI. 

06cYX,ll;aIOTCH MeTO,ll;OJIOfHlfeCKHe acneKTbl HHTepnpeTaI(HH Mecc6apPOBcKHX cneKTpOB ,ll;HOKTa3~H­
lfecKHX Ij!HJIJIOCHJIHKaToB. 

INTRODUCTION interpretation has been based on the analysis of the 
To date, there has been no consistent interpretation nearest-neighbor environment of the FeH cation by 

ofthe Mössbauer spectra of dioctahedrallayer silicates. cations having different valences. Goodman (1978) and 
Most workers have treated the spectra of celadonite Eyrish and Dvoretchenskaya (l976a, 1976b) were the 
(Malysheva et al., 1976), nontronite (Goodman et al., firsttousethisapproach;however, theydid not support 
1976; Heller-Kallai and Rozenson, 1981), glauconites their interpretation of the spectra by electric field gra­
(Rozenson and Heller-Kallai, 1978; McConchie et al., dient (EFG) calculations. Goodman (l976b), who cal-
1979; Govaert et al., 1979; Kotlicki et al., 1981) as the culated EFG in terms of the point-charge model and 
superposition of two doublets related to FeH ions in later Mineeva (1978) who allowed for orbital overlap 
cis- and trans-octahedra. According to X-ray and elec- contribution, also failed to obtain reasonable results, 
tron diffraction data, trans-octahedral sites of the 2: 1 because the range of probable quadrupole splittings 
layers of these minerals are vacant (Tsipursky et al., proved to be too narrow to match the experimental 
1978; Daynyak et al., 1981a; Besson et al., 1983; Tsi- half widths. The failure, apparently, was not in the 
pursky and Drits, 1984; Tsipursky et al. , 1985). Another model for the charge distribution in ions, but rather in 
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the atomic coordinates that were used in these calcu­
lations. Obviously, both the size and the shape of a 
Fe3+-octahedron depend on the charge and the size of 
the nearest cations. Therefore, the average atomic co­
ordinates provided by diffraction data generally do not 
correspond to the actual positions ofthe anions in Fe3+ 
polyhedra having different cationic environments. 

A new approach that includes both experimental and 
simulated structural data was proposed by Daynyak 
(1980) and Daynyak et al. (1984a, 1984b, 1984c), and 
consists of the following: 

1. An analysis of possible combinations of di- and 
trivalent nearest-neighbor cations to Fe3+ based on 
chemical composition. 

2. The simulation of the geometry of the Fe3+ -octa­
hedron for each possible combination of the near­
est-neighbor cations. 

3. A calculation of electric field gradients on Fe3+ for 
different combinations of nearest-neighbor cations 
in terms of the ionic point-charge model. Apart 
from being simple, this model allows direct eval­
uation ofthe effect ofstructural distortions on EFG 
values. Other available calculation methods imply 
that a change in cation-anion bond lengths leads to 
significant changes in electron density distribution 
over atoms, i.e., to a change in effective atomic 
charges. Such changes require additional parame­
ters to describe the electron density distribution in 
atoms. Inasmuch as the bonding in 2: 1 layer sili­
cates is not purely ionic, it is appropriate to use 
effective charges instead of ionic charges. If the ef­
fective charges are proportional to ionic charges 
however, with about the same coefficient for all kinds 
of atoms, calculations may be carried out in terms 
ofthe ionic point-charge model. The choice ofthis 
model is also justified by the reasonable agreement 
between experimental O-H vector orientations and 
those calculated in the point-charge approximation 
(Bookin et al., 1982). 

4. The construction ofa model for computer fitting of 
the Mössbauer spectrum using the EFG calculations 
and estimates ofthe expected integrated intensities 
ofthe partial components for the mineral involved. 

The application ofthe above approach to the Möss­
bauer spectra of celadonite, nontronite, "red" mus­
covite, and glauconite is described below. Special at­
tention is given to the possibilities and limitations of 
the approximation used. 

SIMULATION OF ATOMIC COORDINATES 
OF AN Fe3+-0CTAHEDRON 

At present, none ofthe experimental methods avail­
able allow the true atomic coordinates to be deter­
mined for a specific arrangement of di- and trivalent 
cations in a crystal having cationic substitutions. Thus, 
the specific structural distortion in a FeH -octahedron 

can be described only by structure simulation (Baur, 
1971; Bookin and Smoliar, 1985). The geometry of a 
FeH -octahedron is uniquely described by individual 
cation-anion bond lengths, di, and bond angles. 

To predict di, the empirical relation proposed by 
Baur (1971) was used: 

di = [dav + k(Pi - Pav)] A, (1) 

where dav and kare empirical constants for the given 
cation-anion pair in the given co ordination, Pi is the 
sum ofbond strengths received by the ith anion from 
the coordinating cations, and Pav is the average bond­
strength sum for anions in the given polyhedron. The 
k value for a Fe3 + octahedron was estimated by Bookin 
and Smoliar (1985): kFe3+ = 0.4 ± 0.1, dav = 1.98 A. 

To the first approximation, the octahedral sheet of 
a 2: 11ayer silicate may be considered to have a uniform 
thickness, hoC!> that may be obtained from XRD data. 
The angle 1/Ii between the bond di and the normal to 
the (001) plane is given by 

1/Ii = arccos(hoc/2d,). (2) 

Another parameter is the angle 2Xi, which is the angle 
contained by a pair of individual FeH-O,OH bonds, 
directed to the apices ofthe "shared" edges. The value 
for 2Xi was found using the relevant individual bond 
length, di, and on the mean bond length, d, in the 
adjacent octahedron: 

[
3(di2 - d2 - b2/9)] 

X· = arccos 
, 2bd;' (3) 

where b is the unit-cell parameter (Drits, 1975). The 
mean bond length d in a neighboring octahedron cor­
responds either to R3+ or to R2+; therefore dR3+ = 

CFe3+dFe3+ + CA1dAI and d R 2+ = CFe2+dFe2+ + CMgdMg, 
where Ci is the content ofthe ith cation and d Fe3., dA" 
d Fe2., and d Mg are given in Drits (1975). Angles 1/Ii and 
2Xi provide a full description of the FeH -octahedron 
geometry for each of its nearest cation environments 
if di and d are known. 

EXPERIMENTAL 

K-saturated nontronite (from Olhon Island, Lake 
BaikaI), having the composition Ko44(Si3.65Alo.33-
Fe3+ o.o2)(Fe3+ 1.91 MgO.09)OIQ(OHh, has been prelimi­
narily studied by oblique-texture electron diffraction 
(Tsipursky et al., 1978). The stacking of 2: 1 layers cor­
responds to polytype 1M, having a = 5.25, b = 9.11, 
c = 10.14 A, ß = 100°. The trans-octahedral positions 
are vacant (Tsipursky and Drits, 1984). 

The unit-cell dimensions and composition were in­
cluded in the crystal-structure simulation procedure 
(Radoslovich, 1962; Donnay et al., 1964; Bailey, 1966; 
McCauley and Newnham, 1971; Drits, 1971, 1975; 
Bookin and Smoliar, 1985). The atomic coordinates 
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Table I . Atomic coordinates in the unit cell of nontronite 
obtained by structure simulation. 

Atoms x/a 

0.0 
0.411 
0.5 
0.351 
0.424 
0.182 
0.435 
0.256 

ylb 

0.333 
0.314 
0.0 
0.309 
0.0 
0.254 
0.5 
0.0 

zle 

0.0 
0.279 
0.5 
0.115 
0.112 
0.347 
0.322 
0.117 

, Determined by minimizing electrostatic energy of crystal. 

are given in Table I. The O-H vector orientation was 
obtained by minimizing the electrostatic energy ofthe 
structure. 

Celadonite from Zavalye, U .S.S.R (Malkova, 1956), 
having the composition (Cao,o Ko.89 )(Si3.96Aloo4) 
(AloosFe3+ O.96Fe2+ O.26M~.73)OIO(OHh is strictly dioc­
tahedral, containing only cis-octahedra occupied as 
shown by the structural refinement of Drits et al. 
(1984). In accordance with space group C2, M2 and 
M2' cis-positions have different occupancies: 
(M~.65Fe2+ O.23Fe3+ 0, 12) and (M~. 12 Alo.os FeH o. 78 Fe2

+ 0.05), 
respectively. 

The "red" muscovite (Sagn, western Norway) of 
composition (Cao.oINaoos~.9J(Si3. JsAl08s)(AIJ48 Tio.04-
Fe3+0.2S Mn003M~.24) OIO(OHh), was treated as an ad­
ditional example of a model object. The value for the 
quadrupole splitting l1 was taken from Goodman 
(l976a). Inasmuch as no structural data exists for this 
muscovite, the atomic coordinates for 2MJ-muscovite 
and phengite (Güven, 1971) were averaged in accord 
with the "red" muscovite's composition. 

57Fe Mössbauer spectra were recorded at 300 K and 
77 K using a LP-4840 spectrometer and a S7CO source 
in a Pd-matrix. The velocity scale was calibrated with 
reference to a-Fe. The half-width for its spectrum was 
0.26 mm/s. To exclude line broadening, the absorbers 
contained about 5 mg natural Fe/cm 2• To prepare com-

~e e * ~ R 
~ 

A B C 

1.98 i.95 L95 

~IL98 ~ 'm g) .. ,:> ' 12.04 -, )L9S 

/ .... -...... 
{'9~ l.95 2.01 

pletely disoriented sam pIes, the powder was mixed with 
molten rosin at 360 K, the solidified mixture was fur­
ther crushed, and the powder was checked by spectra 
measurements at different tilting of sam pie support 
with respect to the direction ofthe -y-beam. Some prob­
lem was noted working with disoriented sam pies; in 
contrast to those sampIes which had not been mixed 
with molten rosin, their spectra contained a weak Fe3+­
doublet having l1 - I mm/ s, which is not typical of 
Fe3+ ions in octahedra having predominantly ionic cat­
ion-anion bonding. This l1 value appears to be anal­
ogous to the anomalous high l1 value (-1.3 mm/ s) 
noted for spectra of dehydroxylated layer silicates (Ba­
gin et al., 1980; Daynyak et al. , 1981 b). In the following 
discussion the symbol "x" will stand for this doublet. 

RESULTS AND DISCUSSION 

Possible combinations 0/ di- and trivalent 
nearest-neighbor cations to Fe1+ 

The most probable combinations of cations in non­
tronite are [4Si](3Fe3+) and [IA13Si](3Fe3+). The com­
bi nations [IAI3Si](3Fe3+) imply Al occupying one of 
the two, symmetrically independent tetrahedra (Good­
man, 1976b). Inasmuch as vacancies, 0, exist in in­
terlayers, each combination is adjacent to either {2D}, 
{IK,D} , or {2K}. In the following discussion { }, [ ], 
and ( ) stand for interlayer, tetrahedral, and octahedral 
positions, respectively. 

In the celadonite under study, tetrahedra and inter­
layers have homogeneous compositions; thus only oc­
tahedral R2+ and R3+ cations adjacent to the central 
Fe3+ ion must be considered. All such symmetrically 
independent combinations are presented in Figure I. 
As M2 and M2' cis-octahedra in the celadonite studied 
are not equivalent with respect to the composition of 
R3+ and R2+ cations, the number of combinations in 
Figure I is doubled. Thus, along with combinations 
A, ... , F for M2 cis-octahedra, the possible presence 
ofFe3+ in M2' octahedra must be considered, together 

* • • D E J 

Z.O! L92 l.!l8 

~ "/ "-
- Ji.92 *JZ

•
Oi *)2.01 

-..: 
2.0i/ 1.9t/ 1.98/ 

Figure 1. Six possible R 2+ and R3+ cation combinations around FeH in M2 cis-positions (a) and the corresponding individual 
bond lengths d, in ferric-containing octahedron (b). 
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Table 2. Angles defining O-H vector orientation in Fe-octahedron, land estimated ß values for different cation combinations. 

Relative weight 
für randorn p, p, 
distribution 

.p, .p, ICiI 

Combination ofcations (in degrees2 ) mrnls 

{2K}[4Si] 0.10 23 23 0 0 0.28 } 
FI {IKlD}[4Si] 0.29 57 38 0 0 0.32 

{20}[4Si] 0.21 62 62 0 0 0.35 
0.33 0.31 

{2K}[3SiIAI] = l' 0.02 33 42 0 -10 

081 } {2K}[3SiIAI] = 11' 0.02 19 26 2 -37 0.75 
{lKlD}[3SiIAI] = 1 0.05 62 53 0 -14 0.78 

F2 {IKlD}[3SiIAI] = II 0.05 55 29 2 -38 0.85 
{20}[3SiIAI] = 1 0.04 60 62 -I -9 0.71 
{20}[3SiIAI] = II 0.04 58 60 I -20 0.70 

0.82 0.52 

I Found from the minimum of electrostatic energy. 
2 p = angle between the direction of O-H vector and its projection on plan~ .. ;b (positive direction = to the exterior of 

octahedrallayer), if; = angle between axis a and O-H vector projection on plane ab (positive direction = towards the adjacent 
cis-octahedron; indices" I" and "2" belong to OH-groups of the upper and lower octahedral bases, respectively. 

3 Corresponds to positions land II of AI tetrahedron with respect to Fe3+ -octahedron (Goodman, 1978). 

with corresponding analogous combinations A', B', ... , 
F'. 

For each possible cation combination, the distor­
tions of the Fe3+ -octahedron were determined. Indi­
vidual bond lengths d i were calculated from Eq. (1) 
with k = 0.5; for celadonite, their values are presented 
in Figure 1. Angles iJ;i and Xi were found using formulae 
(2 and 3). 

EFG calculations and analysis 0/ 
quadrupole splittings 

In the present computation program, EFGs were cal­
culated by direct summation over all atoms of the 
structure, with the exception of the one having r = 0 
in the area of the radius ~ 50 A. 

Atomic coordinates for the average unit cell were 
used over the entire area of summation, except for the 
anions coordinating the central Fe3+. Average charges 
calculated from the crystal chemical formula were as­
signed to all cations except those in the central cluster 
consisting ofthree octahedral, four tetrahedral, and two 
interlayer cations nearest to the central Fe3+. The dis­
tribution ofatoms in the cluster was one ofthe possible 
particular combinations of di- and trivalent cations. 

Table 3. Calculated ß values for different cation combina­
tions around central Fe3+ in celadonite. 

Ci ICiI .. 
Combination mrnls mrnls 

A 0.37 0.36 
A' 0.36 
B 0.53 0.52 B' -0.50 
C 0.52 0.51 
C' 0.49 
D 0.43 0.41 
D' 0.39 
E -0.44 

0.43 
E' -0.43 
F 0.22 0.17 
F' 0.13 

Anion coordinates in the Fe 3+ -octahedron were as­
signed according to the peculiarities of each given cat­
ion combination using Eqs. (2 and 3). 

The program for EFG calculation also included min­
imization ofthe electrostatic energy for determination 
ofO-H vector orientations. The O-H bond length was 
assumed to be 0.97 A (Giese, 1971). 

Dealing with model objects has an essential advan­
tage for EFG calculations as the nature of the main 
component of a spectrum determining the visible split­
ting is known apriori. This fact allowed the EFG cal­
culations to be "fine tuned", i.e., to obtain, by choosing 
a suitable quadrupole moment, such values for ~calc 
that were close to ~vis. For celadonite the main co m­
ponent is represented by the arrangement (3R 2+) as 
shown by the structural refinement (Drits et al.. 1984). 
If the value 0.21 barn (MEDI, 1975) was chosen for 
the quadrupole moment ofthe Fe57 nucleus, the value 
of ~calc = 0.36 mm/s for the given cation combination 
was close to the observed splitting of 0.37 mm/s. For 
nontronite, the splitting is determined, irrespective of 
the distribution of tetrahedral cations, mainly by 
[4Si](3R3+). The EFG calculations led here also to 
satisfactory agreement with experiment: ~calc = 0.33 
mm/s and ~ViS = 0.28 mm/s. The main component of 
the muscovite spectrum (Goodman, 1976a) is repre­
sented by [4Si](3Al). Here, ~vis = 0.72 and ~calc = 0.74 
mm/s. Such a large ~ value, compared with nontronite, 
can be explained by the difference in hoco because the 
octahedra are occupied by Fe3+ in nontronite and by 
Al in muscovite, implying different Fe3+ -octahedra flat­
tening (see Eq. (3))-in nontronite, iJ; = 56.1°, in mus­
covite, iJ; = 57.1°. 

The results of the EFG calculations for other cation 
combinations in nontronite and celadonite are given 
in Tables 2 and 3, respectively. The ~ values in non­
tronite fall into two groups, namely, FI and F2. ~ 
values belonging to group F2 are about 2.5 times great­
er than those belonging to group Fl. Variations in ß 
within each group are mainly related to interlayer va-
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Table 4. Parameters of Mössbauer spectrum of nontronite 
(Tm ... = 293 K, Xl = 1.13). 

.i 0 r s 
Doublet Fe)+ mm/s ('Al) SF/ SF2 

F, 0.26 0.39 0.35 57.9 
Fl 0.64 0.39 0.31 31.4 1.81 
telr. 0.49 0.18 0.29 5.2 
Xl 1.18 0.42 0.30 5.6 

I The doublet resulting from the peculiarities of the prep­
aration of a disoriented sampie (see Experimental section). 

cancies that affect the O-H vector orientation (Table 
2). The A values within group FI are similar to one 
another, and so are those within group F2. Therefore 
A values within each group have been averaged. Values 
for the isomer shifts, 0, were assumed to be the same. 
Thus, from the EFG calculations, the theoretical 
K-nontronite spectrum should inelude two doublets 
corresponding to FeH in cis-octahedra, one of which 
is adjacent to tetrahedral [3SiIR3+](F2) and the other 
to [4Si](Fl). 

A va lues for each pair of combinations A and A', 
... , Fand F' in celadonite were close enough to allow 
only the corresponding mean values (Table 3) to be 
considered and to omit the prime. Thus, the theoretical 
spectrum of celadonite should contain six doublets. 

Computer fitting 01 nontronite and 
celadonite spectra 

The calculated A va lues were used as the initial pa­
rameters in the decomposition procedure. Half-widths 
within a doublet were assumed to be equivalent, the 
minimum half-width being equal to the apparatus half­
width. The ratio of intensities within a doublet was 
assumed to be unity. Inasmuch as the nontronite spec­
trum is slightly asymmetric independent of the tilt of 
the sampie support with respect to the i'-beam, the 
possible presence ofFe3+ in tetrahedra was considered. 
To assign the initial parameters for this doublet, the 
results of Mössbauer study of tetraferriphlogopite 
(PavIishin et al., 1978), and of nontronite were used, 
where Si is replaced by Fe3+ (Goodman et al. , 1976). 
The results for the nontronite spectrum are presented 
in Table 4 and Figure 2. The experimental ratio SF/ 
SF2 = 1.84 implies that pairs of Al-tetrahedra with a 
shared oxygen are forbidden, i.e., Loewenstein's rule 
is obeyed (Loewenstein, 1954). 

To interpret the celadonite spectrum several possible 
vers ions had to be analyzed for cation distribution in 
2: 1 layers. According to the structural data, M2 and 
M2' cis-octahedra have different R3+ and R2+ occu­
pancies which decrease considerably the number of 
possible versions for the distribution of octahedral cat­
ions. Because R 3+ I R H = I, complete ordering in the 
celadonite structure implies that the theoretical spec­
trum should contain only one doublet corresponding 

'" '0 ... x 

'" 1.90 

I ::J~:: I 

tetr.o ...-
~i\ K: n P< """ ~ ~ I 

I {li 
'\ 

1\ 'I 

1.65 
~;JIJ 

. . !\ 'r.I I . . 
-1. o +1. +2. v (mm!s) 

Figure 2. Mössbauer spectrum of nontronite and its com­
puter fi tting. 

to combination A. Other models may be obtained by 
adding a set ofsingle exchanges, such as R3+ .,. R2+. 

Where R3+/R2+ = I , complete ordering may be vi­
olated due to two types of faults: Fault 1: a pair of cis­
octahedra adjacent along b (the shared edge is formed 
by OH-groups) are occupied by cations of different 
valence which, as if by mi stake, have exchanged their 
positions (Figure 3a). Fault 2: the pair of adjacent cis­
octahedra whose shared edge is formed by OH-groups, 
are occupied by cations of equal valence. This fault 
results both from R2+ .,. R3+ rearrangements in remote 
cis-octahedra, as shown, for example, in Figure 3b, and 
from rearrangements in adjacent cis-octahedra whose 
shared edge is formed by apical oxygens. Table 5 lists 
relative weights of combinations (A, .. . , F) for the 
two types offaults, in 10% concentration. I About 14% 
of such isolated faults is a limit, because a larger con­
centration leads to clusters containing octahedral cat­
ions having the same valence. Comparison ofthe sim­
ulated spectra with the experimental one has shown that 
models with 10% faults are elose to the experimental 
spectrum. 

Model predictions (Table 5) have been tested for 
experimental spectra measured for a random sam pie 
with T moas = 77 and T meas = 293 K. The computer 
fitting has shown that model 2, containing faults of 
type 2, is preferable. Considering the T = 77 K spec­
trum, it is possible, due to the peculiarities in /::;. thermal 
dependance for Fe2+ ions, to single out a low-intensity 
component related to combination F (Figure 4) and to 
obtain the ratio A/(B + C + E), which is elose to that 
expected for model 2 (Table 6). The presence of this 
sort of defect, however, is less important than the in-

I Ten percenJ faults of type I means that with a fixed di­
rection of the b-axis, the occupancies ~f 10 pairs of cis-oc­
tahedral adjacent to one another along bare R3+RH, and the 
occupancies of 90 pairs of such octahedra are Rl+R3+. Ten 
percent faults oftype 2 means that the occupancies of 10 pairs 
of cis-octahedra are R3+Rl+, and the occupancies of 90 pairs 
are R2+R3+. 
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a) 

b) 

Figure 3. Individual faults, possible in predominantly or­
dered distribution of cations R3+ and R2+ in octahedral sheets 
of celadonite: (a) type I; (b) type 2. 

ference of the high (-90%) degree of cation ordering 
in the octahedra. This inference does not depend on 
the type of defects, in agreement with infrared spec­
troscopic data for celadonite. Relative weights 0.09, 
0.21, 0.09, 0.54, 0.03, and 0.04 for bands MgMg, 
Fe2+Fe3+, Fe3+Fe3+, MgFe3+, Fe2+AI, and MgAI in the 
O-H-stretching region (Figure 5), respectively, found 
from computer fitting imply only 10% faults for or­
dered R3+ and R2+ cation distributions. This concept 
was discussed in more detail by Slonimskaya et al. 
(1986). 

Interpretation ofthe Mössbauer spectrum of 
glauconite in terms of the domain model 

An interpretation of the glauconite spectrum pro­
posed below should be treated as a first attempt only. 
This is a specific example which demonstrates the dif­
ficulties involved, rather than presents a final solution. 

Spectra ofglauconite described in the literature may 
be divided into two groups. Spectra of one type are 
somewhat better resolved and characterized by a rel-

Table 5. Models for the fitting of Mössbauer spectrum of 
celadonite. 

Doublet Fe3+ 

A 
C+D 

A 
B+C+E 
F 

r 
mrnls 

The ratio of areas für 
expected doublets 

Model I: 10% distortions of type I 
0.36 0.27 
0.48 0.30 

2.33 

Model 2: 10% distortions of type 2 
0.36 0.27 
0.50 0.30 2.17 3.0 
0.17 0.32 

x 
B+C 
,---, 

Irh 1 Fe2+ 

~w,.;:;: y ~ PS ( ~ ~'ft'" ... ~ V 
~ 

I 
"\) 

\ / 

1'\ .L11 11 

~ 

V IV 
Figure 4. Mössbauer spectrum of celadonite and its com­
puter fitting, T mea. = 77 K. 

atively smaller total width compared with the spectra 
of the other type. Relatively wider and more poorly 
resolved spectra were interpreted conventionally, as 
described previously (Rozenson and Heller-Kallai, 
1978; Govaert et al., 1979; McConchie et al., 1979). 
The spectra of the first type are approximated by a 
single doublet with broadened components (Anner­
sten, 1975; Kotlicky et al., 1981), and the correspond­
ing glauconites are considered "ordered", i.e., having 
only cis-positions occupied by cations. Interestingly, 
glauconites ofhighly heterogeneous composition com­
monly have better resolved spectra. On the other hand, 
Slonimskaya et al. (1986) showed that the Fe3+-OH­
Al band was absent in IR spectra of numerous glau­
conite specimens. The above considerations suggest 
that the structures of glauconites that give better re­
solved Mössbauer spectra consist ofmuscovite-like and 
celadonite-like domains, the concentrations of which 
are determined by the degree of Al-for-Si substitution. 
These domains may be too small to be revealed by 
conventional XRD methods. 

One of the sampies studied here, 68/69-K (Shutov 
et al., 1972) has a heterogeneous composition (Ko81 
Naool Mgo.01 ) (Si3.78 Alo.22)(Alo.55 Fe3+ 0.83 Fe2+ 0.24 Mgo.4O) 

Figure 5. Infrared spectrum of celadonite in the region of 
the O-H stretching frequencies. 
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Table 6. Mössbauer spectra parameters for a disoriented sampie of celadonite. 

Combination and the l> 0 r s SA FeH SB ... C+E 

charge ofFe (mm/s) (%) SB+C+E Fe2+ S, 

Tme .. = 293 K, X2 = 1.15 

{ A 0.30 0.37 0.26 51.2 
Fe3+ B+C+E 0.56 0.37 0.26 19.2 2.6 3.87 

Xl 1.08 0.38 0.26 8.6 
Fe2+ 1.09 1.04 0.36 20.5 

Tme .. = 77 K, X2 = 1.16 

{ 
A 0.32 0.30 0.27 50.2 

FeH B+C+E 0.58 0.30 0.27 19.2 2.62 3.61 
Xl l.ll 0.30 0.27 8.9 

Fe2+ 2.55 1.09 0.38 21.7 

Tmm = 77 K, Xl = 1.11 

{ 
A 0.37 0.30 0.27 44.1 

FeJ + 
B+C+E 0.59 0.30 0.27 20.5 2.15 3.82 3.01 F 0.18 0.30 0.27 6.8 
Xl 1.15 0.31 0.27 9.6 

Fe2+ 2.25 1.07 0.38 19.0 

I The doublet resulting from the peculiarities of the preparation of disoriented sam pie (see Experimental section). 

O,o(OHh) and a relatively well-resolved Mössbauer 
spectrum. Therefore, its spectrum was initially inter­
preted in terms ofthe domain model. According to the 
above assumption its structure consists of 22% mus­
covite-like domains (KAlzSi3AIOJ()(OH)z) and 78% ce­
ladonite-like domains (Ko.8 Alo 14 Fe3+ 1.06 FeH 0.3 M&.s) 
Si.O IO(OH)2)' Here, the spectrum was apparently due 
only to the celadonite-like domains. Even a qualitative 
consideration ofthis kind is in a good agreement with 
the shape of the spectra (Figure 6). 

For the celadonite-component of glauconite 68/69-
K in which R3+ > R2+ in octahedra, three doublets 
should be expected even in the case of complete or­
dering, namely, a main doublet (3R 2+) and two low­
intensity doublets (3R3+) and (2R3+, 1 RH). Random 
cation distribution has also been considered. The rel­
ative weights for possible cation combinations corre­
sponding 10 1hese two extremes are also given in Ta­
ble 7. 

(2 R" IR"I,f2H" ([{") 

The computer fitting results are given in Table 8 and 
Figure 6, and the relative weights for corresponding 
cation combinations are given in Table 7 (last line). 
Comparison of the two extremes of cation distribution 
(Table 7) shows that the main indication of ordering 
is an increase in the relative weight ofthe (3R2+) com­
bination. It is this tendency that is displayed in the 
computer-fitted glauconite spectrum. The relative 
weights of the (2R3+IR2+) and (2R2+1R3+) combina­
tions are somewhat too high, implying that the real 
structure tends to deviate from the idealized domain 
model. 

CONCLUSION 

From the data discussed above, it is obvious that 
significant problems arise even for such minerals as 
nontronite and celadonite in which cation substitutions 
are mainly in the tetrahedra and octahedra layers, re­
spectively. The reason is in large part due to low res­
olution of the spectra. As the analysis of such spectra 
is mathematically incorrect, special modeling is need­
ed. A model for computer fitting should be understood 
basically as a fixed number of quadrupole doublets and 
the quadrupole splitting ratio for these doublets. It fol-

Table 7. Relative weights of Fe3+ components of the spec­
trum (percent) corresponding to: I, random cation distribution 
in domains; Il, ideal order ofthe RH and RH over cis-posi­
tions in celadonite-like domains; Ill, computer fitting of the 
spectrum in terms of the domain model. 

I 
II 

(3R3+) 

22 
15 

(ZR" I Rh), 
(3R'+) (2R"IR") 

6 72 
47 

Figure 6. Mössbauer spectrum of giauconite 68/69-K and III 
38 

8.9 33.6 57.5 
its computer fitting. 
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Table 8. Interpretation of Mössbauer spectra of the glau­
comte 68/69-K sampie in terms of the domain model. 

Mössbauer (2R' - IR' +), 
parameters (3Rh) (3RH) (2R' +IRh ) Feh 

~(mm/s) 0.17 0.32 0.63 2.73 
o (mm/s) 0.40 0.44 0.42 1.17 
f(mm/s) 0.27 0.35 0.42 0,52 
S (%) 6.5 24.7 42.3 26.5 

lows that, apart from the analysis of possible combi­
nations ofsubstituting cations closest to FeH, EFG can 
be calculated. EFG calculations require coordinates and 
charges of ions that take into account their real distri­
bution. Thus, modeling for computer fitting should 
include several stages each ofwhich involves a certain 
degree of approximation. In particular, assumptions 
must be made for the determination of the size and 
shape of a Fe3+ -octahedron. For example, uniform 
thickness hoc t is assigned to all octahedra irrespective 
of the type of adjacent cations. Oue to a ±O.I error in 
the k value in Eq. (I) for Fe3+, k must be treated as an 
adjustment parameter used to obtain the ~ range re­
quired. Another approximation is the ionic point-charge 
model used in EFG calculations. 

For celadonite and nontronite, the assumptions used 
for the simulation of a FeH -octahedron are justified 
crystalchemically. In general, however, the problem of 
precise determination of the size and shape of an oc­
tahedron that depends on the real distribution of sub­
stituting cations is still awaiting solution. 

The results of the EFG calculations for the minerals 
studied imply that the assumption of the constancy of 
the ratio of effective charges to ionic charges may be 
reasonable. As mentioned above, substantially differ­
ent va lues for the visible splitting are characteristic of 
the spectra of celadonite, nontronite, and "red" mus­
covite. The nature ofthe doublets determining the vis­
ible splitting in these spectra was known apriori. EFGs 
were calculated for cation combinations differing both 
in the sort ofcations and the peculiarities ofthe matrix 
structure; the same assumptions were used in both cases, 
The calculations resulted in ratios of the EFG values 
for the minerals involved that were close to ~ values 
observed experimentally. Coey er al. (1984) reported 
another example of mineral that can be treated as a 
model object. In ferripyrophyllite , the value for ~vi' = 

0, 17 mm/s results from the combination [4Si(3Fe3+)] 
that corresponds to the combination F in celadonite 
from Zavalye. This ~ value is exactiy the same as ~calc 
for the combination F in celadonite (Table 3). 

The EFG calculations have shown that so me com­
bi nations of nearest-neighbor substituting cations to 
the FeH within the same structure lead to similar values 
of quadrupole splitting. Therefore, a single doublet must 
be considered that is actually a result of averaging of 
several doublets. This implies that computer fitting of 

the spectrum, ifunderstood as simply a calculation of 
integrated intensities for the known number of dou­
bIets, will not yield information on relative weights of 
different cation combinations. Thus, a preliminary 
analysis is necessary for possible versions of cation 
distribution in the 2: 1 layers of mineral, including the 
determination of theoretical relative weights of cation 
combinations for each version. A conclusion on the 
mode of cation distribution may then be drawn by 
comparing theoretical relative weights of combinations 
with integrated intensities of partial components pro­
duced by the computer fitting of the spectrum. 

Preliminary analysis of possible versions of cation 
distribution for such a mineral as glauconite is a com­
plex task. Because of extensive cationic substitutions 
in both the octahedral and tetrahedral sheets of glau­
conite, numerous alternatives may exist. To limit the 
number of crystalchemically grounded alternatives 
other physical methods, in particular IR spectroscop; 
(Slonimskaya et al. , 1986), should be applied. The main 
efforts for further interpretations of the Mössbauer 
spectra of glauconite should be directed, first, to the 
improvement of structural simulation of individual 
Fe3+ -octahedra, and, second, to the simulation of crys­
talchemicallY justified cation distribution in the 2: 1 
layers. The interpretation of a Mössbauer spectrum 
should be preceded by XRO analysis for the occupan­
~ie.s ofthe cis- and trans-octahedral sites. This analysis 
IS Important because trans-octahedra in dioctahedral 
2: 1 phyllosilicates, i.e., smectites, can be completely or 
partially occupied (Tsipursky and Orits, 1984). Serious 
difficulties are also associated with the absence of a 
refined glauconite structure, due to fine dispersion and 
structural imperfections. Thus, crystal structure sim­
ulation is the only way to obtain precise atomic co­
ordinates, even for the average unit cell. Regression 
equations used for structure simulation are based on 
the analysis ofnumerous reported data on refined phyl­
losilicate structures and require information only on 
unit-cell parameters and chemical composition (Smo­
Iiar et al. , 1984; Bookin and Smoliar, 1985). 

In the light of the above requirements for structure 
simulation, the validity of point-charge approximation 
for EFG calculations becomes of secondary impor­
tance. Clearly, none of the most recent and perfect 
methods of EFG calculations can give positive resuIts 
for the cation distribution in glauconite unless the 
atomic coordinates used in the calculation are reliable. 

For the procedure for computer fitting, a similar point 
ofview holds true. Any computer program, no matter 
how perfect, is bound to fail unless the researcher has 
worked out a model for computer fitting. 
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