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IRON SUBSTITUTION IN MONTMORILLONITE, ILLITE, AND
GLAUCONITE BY 5’Fe MOSSBAUER SPECTROSCOPY

J. H. JounsTON AND C. M. CARDILE!

Chemistry Department, Victoria University of Wellington
Private Bag, Wellington, New Zealand

Abstract—The ’Fe Mdssbauer spectra of an iron-rich montmorillonite, an illite, and two glauconites
were measured and computer-fitted with appropriate Fe** and Fe?* doublet resonances. The broad ex-
perimental Fe** resonance of montmorillonite probably arises from Fe®* in the octahedral sites and a
trans-arrangement of OH groups; however, a large variation in the neighboring environment of these
sites exists. In illite this Fe’* resonance is similar but shows less broadening; it arises from Fe?* located
predominantly in trans-OH octahedral sites, with some Fe** being located in cis-OH octahedral sites.
Because of the increased iron content less variation exists, compared with montmorillonite, in the neigh-
boring octahedral sites. The Fe’* resonance is narrower still for the glauconites and represents Fe**
substituting primarily into cis-OH octahedral sites, similar to that previously reported for nontronite.
The tetrahedral Fe** content is very low for montmorillonite and increases progressively for illite and
glauconite, suggesting that a higher tetrahedral Fe** content directs Fe** in the octahedral layer into cis-
OH sites. In montmorillonite, the Fe?* is located only in trans-OH sites; in illite Fe?* is largely in trans-
OH sites and only slightly in cis-OH sites; and in glauconite, Fe?* is located largely in cis-OH sites and
only slightly in trans-OH sites. These assignments suggest that for Fe?-, the doublet with the larger
quadrupole interaction arises from Fe?* in trans-OH sites and the doublet with the smaller quadrupole

interaction, from Fe?* in cis-OH sites.
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INTRODUCTION

Montmorillonite, illite, glauconite, and nontronite
are 2:1 phyllosilicates. Montmorillonite and nontron-
ite are members of the smectite sub-group, but no de-
finitive nomenclature exists for illites and glauconites.
Illites and glauconites, however, usually contain po-
tassium as their interlayer cation and are therefore often
classified as micas (Fanning and Keramidas, 1977). On
the basis of their iron content, illites and glauconites
are intermediate between montmorillonite, which gen-
erally has a low iron content, and nontronite, which
has a higher iron content. Recently, Johnston and Car-
dile (1985) and Cardile and Johnston (1985) carried
out a systematic MJssbauer spectroscopic study of
nontronites having different iron contents and inter-
layer cations and a number of montmorillonites (Car-
dile and Johnston, 1986). As a continuation of this
work the results of a similar Mdssbauer study of an
iron-rich montmorillonite, an illite, and a glauconite
are presented here, and the patterns of iron substitution
in these phyllosilicates are discussed.

BACKGROUND

Early Mossbauer spectroscopic studies (see, €.g., re-
view by Heller-Kallai and Rozenson, 1981) suggested
that the ferric doublet spectrum of montmorillonite
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and nontronite, which could be computer-resolved into
an outer and an inner overlapping doublet, represented
iron in MO,(OH), octahedral sites having both cis-
(inner doublet) and trans-(outer doublet) arrangements
of the OH groups. Although these two nominal end
members of the smectite group are considered to be
structurally similar, the previous studies failed to ad-
dress the fact that the quadrupole splitting of the non-
tronite ferric doublet is significantly narrower than that
of montmorillonite. Also, occupancy of cis- and trans-
octahedral sites by Fe?* is at variance with the electron
diffraction evidence of Méring and Oberlin (1967), Bes-
son et al. (1983), Tsipursky and Drits (1984), and Drits
et al. (1984) which shows that within the octahedral
layer, the Fe in nontronites is located only in c¢is-OH
octahedral sites, whereas in montmorillonites, the Fe
is possibly present in both cis-OH and trans-OH sites.

Recent Mossbauer studies by Johnston and Cardile
(1985) and Cardile and Johnston (1985) showed, how-
ever, that for nontronites the iron is indeed located in
the two cis-OH octahedral sites, which are rendered
inequivalent by interactions from the neighboring tet-
rahedral and interlayer cations and, hence, produce the
two overlapping Fe?* doublets. Fe3* was also identified
to a significant extent in the tetrahedral sites and to a
minor extent in the interlayer. Cardile and Johnston
(1986) showed that in montmorillonite Fe3* is present
largely in trans-OH octahedral sites. Some montmo-
rillonites show considerable structural disorder which
arises from their low iron content and the variety of
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Table 1. Location and compositions of samples.
Fe
Sample! Location {wt. %) Composition per O(OH},!
Montmorillonite Drayton, Queensland, 7.41 (Cap17)(Si5.45Alg 51} (Feg 40Aly 0aMEo 52 Tig 01)
Australia
Illite Lake Eyre, Muloorina, 8.41 (Ca5.059K0.655)(813.597AL0.403)(Fe0.626A10.969MEo.420)
South Australia
Glauconite Point Jackson, Francosia, 15.07 (Ca5.006K0.725)(S13.611ALy 380)(F€1 097Aly 545MBo.442Ti0.00sMNg 001)
Wisconsin
Glauconite Fiji 18.86 (Ca5.076Ko.779)(S13.536Al0.112F€0.051 (F€ | 34sMEo.505sMDg 004)

* Sample supplied with analyses by K. Norrish, Division
saturated samples.

types and locations of octahedral cations. This disorder
produces a broad experimental doublet spectrum that
can be computer-resolved into two overlapping dou-
blets which actually represent the mean extremes of a
continuum of doublets arising from the disorder, rather
than distinct ¢cis-OH and trans-OH sites, as interpreted
by previous workers (e.g., Rozenson and Heller-Kallai,
1977). In addition, Cardile and Johnston (1986) found
Fe3* to be present to a small extent in tetrahedral sites.

To stabilize the overall charge in the smectite struc-
ture, significant tetrahedral Fe** must direct the Fe3*
in the octahedral layer to cis-OH sites, as in nontronite.
Conversely a low tetrahedral Fe?** content must direct
largely trans-OH occupancy, as in montmorillonite
(Tsipursky and Drits, 1984).

The Mdossbauer spectra of illite and glauconite have
also been reported by a number of workers (Rolf ez al.,
1977; Rozenson and Heller-Kallai, 1978; McConchie
et al., 1979; Ross and Longworth, 1980; Kotlicki et al.,
1981; De Grave et al., 1985). In general, these spectra
show the presence of both Fe?* and Fe?* in the struc-
ture, and most spectra have been resolved into two
Fe3* and two Fe?* doublets (e.g., De Grave et al., 1985).
The two Fe?* doublets have been assigned in the tra-
ditional manner, wherein the doublet having the small-
er quadrupole interaction is considered to arise from
Fe?* in cis-OH octahedral sites and the doublet having
the larger interaction, from trans-OH sites. A contro-
versy exists, however, in assigning the Fe?* doublets.
Rolf et al. (1977), Rozenson and Heller-Kallai (1978),
Kotlicki et al. (1981), and De Grave et al. (1985) con-
sidered that the Fe?* doublet having the larger quad-
rupole interaction arises from Fe?* in cis-OH sites,
whereas McConchie et al. (1979) and Ross and Long-
worth (1980) assigned this doublet to Fe?* in trans-OH
sites.

To help resolve this discrepancy and to see if a re-
lationship exists between the Mossbauer spectra and,
hence, the pattern of the iron substitution in illites and
glauconites with respect to end-member montmoril-
lonites and nontronites, we have measured and com-
puter-fitted the Mdssbauer spectra of a montmorillon-
ite, an illite, and two glauconites having a range of iron
contents intermediate between the montmorillonites

of Soils, C.S.L.LR.O., Adelaide, Australia. Analyses are for Ca-

studied by Cardile and Johnston (1986) and the non-
tronites studied by Cardile and Johnston (1985).

EXPERIMENTAL

The locations of the samples, their iron contents,
and their structural formulae (calculated in a conven-
tional manner) are presented in Table 1. No impurity
components could be detected by X-ray powder dif-
fraction in any of the samples. The glauconites were
supplied in a Ca-saturated form, and the Drayton
montmorillonite sample was Mg saturated in a manner
similar to that described by Cardile and Johnston (1985)
before its Mossbauer spectrum was recorded.

The ’Fe Mossbauer spectra were recorded at room
temperature (298 K) using an ELSCINT AME40C
spectrometer and a *’Co/Rh source. The velocity scale
was calibrated with reference to natural iron, with the
midpoint of the iron hyperfine spectrum defining zero
velocity. The spectra were recorded with the plane of
the particular sample oriented at both 90° and 45° to
the gamma ray direction, to check for any preferred
orientation effects (Cardile and Johnston, 1986). No
such effects were observed. To eliminate the effects of
absorber thickness, all the absorber samples contained
7-10 mg Fe/cm?2.

The spectra were computer-fitted with a number of
overlapping Lorentzian peak lineshapes using a non-
linear regression x> minimization procedure. To achieve
convergence in all,the fits, the widths and dips of the
component peaks in a particular doublet were con-
strained to be equal. The 1% and 99% confidence limits
for the x? value (used as a measure of the goodness of
the computer-fit) are 566 and 420 for an 8-peak fit and
562 and 416 for a 10-peak fit, respectively. In order
for the x? value to measure the goodness of fit and
validity of the computer-fitted model and the degree
of disorder within the structure, the spectra were re-
corded to a suitably high background count of 4-5 x
10¢ counts per channel (Johnston and Cardile, 1985).

RESULTS AND DISCUSSION
Drayton montmorillonite

The experimental Mdssbauer spectrum for the Dray-
ton montmorillonite showed the typical broad Fe**



172

4.40 T

4.35

4.30

4.20

COUNTS (X 10)

05 s ‘ s
-1 2] 1
VELOCITY (MM/S)

uL

COUNTS (X-108)

L ' L
(o}
VELOCITY

—‘1 1
(MM/S)

Figure 1.
(c) Francosia glauconite, (d) Fiji glauconite.

resonance observed for most montmorillonites (e.g.,
Cardile and Johnston, 1986); the intensities of the com-
ponent peaks of this resonance are definitely asym-
metric (Figure la). In addition, a resonance exists at
about 2.45 mm/s consistent with the high velocity peak
of Fe?* ions in the octahedral layer (Figure la). The
spectrum has been computer-fitted with three overlap-
ping Fe** doublets and one Fe?* doublet giving a x2 =
677 (Table 2). Because this sample was Mg saturated,
it probably does not contain interlayer Fe3*.

The broad ferric resonance was computer-fitted es-
sentially with two overlapping Fe** doublets. The inner
doublet having the narrower quadrupole interaction
(A) was much more intense than the outer doublet;
however, the component peaks of the outer doublet
had much larger linewidths (Table 2). The average
quadrupole interaction for these two doublets (0.86
mmy/s) is significantly larger than a similar average val-
ue for the two cis-OH doublets of nontronite (0.44 mm/
s) (Cardile and Johnston, 1985). Hence, the broad ex-
perimental resonance for Drayton montmorillonite may
be considered to arise from Fe** located largely in trans-
OH octahedral sites. The two computer-fitted over-
lapping Fe** doublets probably represent the mean
extremes of a continuum of slightly different Fe3* res-
onances arising from the variable nature of the envi-
ronment surrounding these trans-OH sites, rather than
from distinct trans-OH and cis-OH sites. The variable
environment results from the substitution of Al**, Mg?*,
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Experimental and computer-fitted *’Fe Massbauer spectra for: (a) Drayton montimorillonite, {(b) Muloorina illite,

and Fe?* in neighboring octahedral sites, from Fe3* and
Al** substituting to a small extent in the tetrahedral
sites (vide infra), and from the interlayer cations (Car-
dile and Johnston, 1986). Ideally, a distribution of Fe3*
doublets having about the same isomer shift, but vary-
ing quadrupole interactions, should be computer-fitted
to this broad montmorillonite resonance, rather than
only the two discrete doublets; however, the computing
resources available at the time of this study did not
allow such an approach.

The linewidths for both the inner octahedral doublet
(0.48 mm/s) and outer Fe3* octahedral doublet (0.61
mm/s) (Table 2) were much larger than those observed
for the nontronite octahedral doublets, which arise from
the two inequivalent cis-OH sites (0.32 mm/s) (John-
ston and Cardile, 1985; Cardile and Johnston, 1985),
suggesting a greater variation in the types and arrange-
ments of nearest neighbor ions about the octahedral
sites in montmorillonite, compared with nontronite.
Because of the low Fe content of montmorillonite, the
slightly larger Fe?* and Mg?* may preferentially occupy
trans-OH sites and the slightly smaller Al** may prefer
cis-OH sites. Such a preference could not be readily
detected by X-ray diffraction (see, e.g., Tsipursky and
Drits, 1984), but it can be detected by Mossbauer spec-
troscopy, as is suggested here.

The smallest intensity doublet having an isomer shift
of 6 = —0.10 mm/s (Table 2) is assigned to Fe3* in
tetrahedral coordination. The Fe** doublet having a
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large value of A = 2.23 mm/s (Table 2) is considered
to arise from Fe?* in trans-OH octahedral sites. Ro-
zenson and Heller-Kallai (1977) reported a similar Fe?+
doublet having comparable quadrupole interaction and
isomer shift values, but assigned it to Fe?* in cis-OH
octahedral sites. The illite and glauconite spectra dis-
cussed below, however, show an additional Fe?* dou-
blet having a narrower quadrupole interaction than
that of the Fe2* in the Drayton montmorillonite. There-
fore, the Fe?* in montmorillonite, like Fe3*, is probably
located largely in trans-OH sites.

Muloorina illite

The experimental Mdssbauer spectrum of the Mu-
loorina illite was computer-fitted with three overlap-
ping Fe3* and two overlapping Fe?* doublets (Figure
1b). The prominent central doublet having values of
8 =0.36 mm/sand A= 0.67 mm/s (Table 2) is probably
due to Fe3* in trans-OH octahedral sites. The overall
experimental Fe** envelope is notably narrower, par-
ticularly at the base of the resonance, than that found
for Drayton montmorillonite (Figures 1a and 1b); hence,
compared with montmorillonite, this illite shows sub-
stantially less variation in the neighboring environ-
ment surrounding the Fe-containing octahedral sites.
A less intense Fe3* doublet having values of é = 0.37
mm/s and A = 0.28 mm/s was also fitted to the spec-
trum which, by comparison with the inner doublet of
nontronite (Johnston and Cardile, 1985), is consistent
with Fe3* in cis-OH sites. Hence, the greater portion
of the Fe3* is located in trans-OH sites, but some Fe3*
is apparently located in cis-OH sites.

The third less-intense Fe** doublet (6 = —0.04, A =
0.26 mm/s) arises from iron substituting into tetra-
hedral sites (Table 2). Two Fe?* doublets were also
fitted to this illite spectrum. The Fe?* having the larger
guadrupole interaction (A = 2.85 mm/s) (Table 2) is
the more intense of the two Fe?* doublets and is as-
signed to Fe?* in trans-OH octahedral sites (Table 2).
The less intense Fe?* doublet having A = 1.18 mm/s
is therefore assigned to Fe?* in cis-OH sites. These
assignments for montmorillonite and illite are consis-
tent with the electron diffraction evidence (Tsipursky
and Drits, 1984) and Goodman’s (1976) theoretical
model which suggests that the trans-OH site has the
larger quadrupole interaction and the cis-OH site the
smaller.

From these data, this illite sample has about 72% of
the Fe?*, as well as a slightly greater percentage of the
Fe?* within the octahedral layer located in trans-OH
sites, and about 21% of the Fe** and the remaining
Fe?* in cis-OH sites. Hence, this sample probably rep-
resents the region, with respect to increasing iron con-
tent, where the iron begins to fill cis-OH sites rather
than trans-OH sites. The relative tetrahedral occupan-
cy of Fe?* in the Muloorina illite (2.4%) is slightly
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greater than that for the Drayton montmorillonite
(2.1%), consistent with the suggestion of Tsipursky and
Drits (1984) that an increasing tetrahedral substitution
by Fe*+ directs Fe** substitution within the octahedral
layer preferentially into cis~-OH sites.

Francosia and Fiji glauconites

The Mossbauer spectra of the Francosia and Fiji
glauconites are presented in Figures lc and 1d, re-
spectively. The overall shape of the experimental en-
velope for the Francosia glauconite is generally similar
to that of Muloorina illite (Figures 1b~1c). The prom-
inent Fe3* resonance of the Francosia glauconite is,
however, significantly narrower, particularly towards
the apex of the peaks. In addition, the relative inten-
sities of the two Fe?* resonances are reversed compared
with those of illite. The experimental envelope for
Francosia glauconite was computer-fitted with three
Fe’* and two Fe?* resonances (Figure 1¢).

The 6 and A values for the octahedral Fe* doublets
for Francosia glauconite are comparable with those of
the Muloorina illite (Table 2); however, the inner Fe3*
doublet having the narrower quadrupole interaction
(A = 0.28 mm/s) assigned to Fe3* in cis-OH octahedral
sites is more intense (50%) than the outer Fe3+ doublet
arising from Fe3* in trans-OH sites (30%). Hence, in
the Francosia glauconite, Fe3* is preferentially located
in cis-OH octahedral sites.

The least intense Fe3* doublet (6 = —0.01 mm/s, A =
0.30 mm/s) is assigned to tetrahedral Fe3*. This is the
first time that tetrahedral Fe** has been identified in
the Mossbauer spectrum of a glauconite, probably be-
cause previous workers failed to record their spectra
to a suitably high background count and thus were
unable to test their computer-fitted model completely
or to identify the relatively low-intensity tetrahedral
Fe’* component (Johnston and Cardile, 1985).

The respective isomer shift and quadrupole inter-
action parameters for the two Fe?* doublets suggests
that the doublet having the larger value of A = 2.52
mm/s can be assigned to Fe2* in trans-OH sites and
the doublet with A = 1.02 mm/s to Fe?* in cis-OH sites
(Table 2). In contrast to the illite, the inner Fe?* doublet
for this glauconite is more intense than the outer dou-
blet, suggesting that the Fe?* substitutes preferentially
into cis-OH sites, consistent with the pattern for Fe3+,
This glauconite has a higher iron content and also a
large tetrahedral Fe** component, which also confirms
the hypothesis that an increasing extent of Fe** tetra-
hedral substitution progressively directs iron substi-
tution within the octahedral layer towards cis-OH sites.
This assignment of the Fe?* resonances confirms those
of McConchie ef al. (1979) and Ross and Longworth
(1980) and negates those of Rolf et al. (1977), Rozenson
and Heller-Kallai (1979), Kotlicki et al. (1981), and
De Grave et al. (1985).
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The experimental and computer-fitted spectra for
the Fiji glauconite are shown in Figure 1d. The prom-
inent Fe3* doublet is slightly narrower than that from
the Francosia glauconite and significantly narrower than
the corresponding illite and montmorillonite reso-
nances. This doublet was computer-fitted with a Fe3*
doublet resonance (6 = 0.35 mm/s, A = 0.40 mm/s),
consistent with Fe3* in cis-OH octahedral sites (Table
2). In this region, the spectrum therefore resembles that
of nontronite rather than montmorillonite. Only one
Fe?+ doublet is present, and the values of 6 = 1.28 mm/s
suggest that it arises from Fe?* in cis-OH sites (Table
2). The very much less-intense Fe3* doublet (6 = 0.44
mm/s, A = 1.22 mm/s), which is largely responsible
for the marked shoulders at the base of the experi-
mental Fe3* resonance, arises from Fe’* in trans-OH
sites. The resonance (6 = 0.25 mm/s, A = 0.11 mm/s)
was assigned to Fe?* in tetrahedral sites. The relative
intensity of this doublet (8%) is comparable with that
of the Francosia glauconite.

The x2 values for the computer-fits to the Drayton
montmorillonite, Muloorina illite, and Francosia and
Fiji glauconite spectra are comparable {(Table 2) and
generally slightly above the upper statistical confidence
limits (see experimental section), indicating that some
slight degree of disorder exists within the structures of
these materials (Johnston and Cardile, 1985). This
finding is consistent with the general nature of these
layer type materials and, on the basis of the x? value
discussed above, the Fiji glauconite shows the greatest
disorder and the Muloorina illite shows the least.

SUMMARY

The Mdssbauer spectra of illite and glauconite are
“intermediate” between those of montmorillonite and
nontronite. The spectrum of illite more closely resem-
bles that of montmorillonite, whereas the spectrum for
glauconite resembles that of nontronite. In montmo-
rillonite, the Fe** and Fe?* in the octahedral layer are
located largely in trans-OH sites, with a relatively small
amount of Fe** being located in tetrahedral sites. The
prominent experimental Fe** resonance of montmo-
rillonite is broad and represents a range of slightly dif-
fering environments surrounding the Fe®* in trans-OH
octahedral sites. This resonance is slightly narrower for
illite, which has a higher total iron content. In illite,
most of the octahedral Fe3* is probably in trans-OH
sites, as is most of the Fe?*; however, some Fe** and
Fe?*+ is present in cis-OH sites. The tetrahedral Fe**
content of the illite is slightly higher than that of the
montmorillonite. The prominent experimental Fe3*
resonance of glauconite is much narrower than those
of illite and montmorillonite, suggesting that most of
the Fe** in glauconite is in cis-OH octahedral sites. A
similar pattern was observed for Fe?* iron. Also, the
tetrahedral Fe3* content of glauconite is higher than
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that of illite or montmorillonite. The glauconite spec-
tra, therefore, more closely resemble those of nontron-
ite. From the 2:1 phyllosilicates studied here, an in-
creasing amount of Fe** in the tetrahedral layer,
progressively directs substitution of the Fe** (and Fe?*)
in the octahedral layer into cis-OH sites.
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