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ABSTRACT

Several finely dispersed low-temperature dioctahedral micas and micaceous minerals that form
solid solutions from (Mg,Fe)-free illite to aluminoceladonite via Mg-rich illite, and from Fe**-rich
glauconite to celadonite have been studied by X-ray diffraction and chemical analysis. The samples
have 1M and 1Md structures. The transitions from illite to aluminoceladonite and from glauconite to
celadonite are accompanied by a consistent decrease in the mica structural-unit thickness (2:1 layer
+ interlayer) or csinp. In the first sample series csinf decreases from 10.024 to 9.898 A, and in the
second from 10.002 to 9.961 A. To reveal the basic factors responsible for these regularities, struc-
tural modeling was carried out to deduce atomic coordinates for 1M dioctahedral mica based on the
unit-cell parameters and cation composition. For each sample series, the relationships among csinf3,
maximum and mean thicknesses of octahedral and tetrahedral sheets and of the 2:1 layer, interlayer
distance, and variations of the tetrahedral rotation angle, o, and the degree of basal surface corruga-
tion, AZ, have been analyzed in detail.

The transitions from illite to aluminoceladonite and from glauconite to celadonite are accompanied
by a slight increase in the mean thickness of the 2:1 layers and a steady decrease in the o angles,
whereas the interlayer distance becomes smaller. These results are consistent with the generally ac-
cepted model where tetrahedral rotation is the main factor for the interlayer contraction in muscovite-
phengite structures: the smaller the rotation angle (o) the larger the ditrigonal ring of the tetrahedral
sheet and the interlayer pseudo-hexagonal cavity, allowing the interlayer cation to sink and thus
shorten the ¢ parameter.

A new insight into the interpretation of the contraction of the mica layer thickness in dioctahedral
micas has been achieved with the discovery that micas with the same or close mean interlayer distance,
on one hand, have the same or nearly the same substitution of Al for Si; and on the other hand, they
may have significantly different parameters of the interlayer structure, such as tetrahedral rotation,
basal surface corrugation, AZ, and minimum and maximum interlayer distance. These results show
that in dioctahedral 1M micas, the mean interlayer distance is determined by the amount of tetrahedral
Al because the higher the Al for Si substitution, the stronger the repulsion between the basal O atoms
and the larger the interlayer distance and csinf} parameter.
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INTRODUCTION

Potassium dioctahedral micas are rock-forming minerals
that occur in various geologic environments and in sedimentary,
metamorphic, and igneous rocks. The mica structure consists of
2:1 layers separated by interlayer K cations. A 2:1 layer consists
of two tetrahedral sheets linked through an octahedral sheet. The
octahedral sheet contains three symmetrically independent sites
that differ in the arrangement of OH groups and oxygen anions
coordinating octahedral cations. In the #rans-octahedra, the OH
groups occupy opposite apices, whereas in the cis-octahedra,
the OH groups form a shared edge. Normally, the structure of
dioctahedral micas is described in terms of 1M, 2M,, 2M,, and
3T polytypes differing in mutual arrangement of the adjacent
layers (Bailey 1984). Structure studies of 2M,, 2M,, and 37 di-
octahedral micas have shown that octahedral cations in their 2:1
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layers typically occupy only cis sites (Bailey 1984; Brigatti and
Guggenheim 2002). In 1M dioctahedral micas, the distribution
of octahedral cations over symmetrically independent sites is
more variable. In particular, 1M structures may consist of either
trans-vacant (tv) or cis-vacant (cv) 2:1 layers, or of interstratified
layer types (see Drits et al. 2006 for review).

Diverse isomorphous cation substitutions in both octahedral
and tetrahedral sheets of the 2:1 layers are a characteristic feature
of dioctahedral micas. High-temperature potassium dioctahedral
micas form a solid solution between muscovite KAl,(Si;Al)
0,4(OH), and phengite, KAl sMg, 5(Si; 5Aly5)O,0(OH), (Brigatti
and Guggenheim 2002; Ferraris and Ivaldi 2002). The 2M, and 3T
micas with cation compositions intermediate between phengite
and aluminoceladonite, KAIMgSi,0,,(OH),, have not been found
among natural dioctahedral micas. However, Smyth et al. (2000)
synthesized a dioctahedral Al,Mg-bearing sample consisting of
2M, and 3T polytypes with 3.8 Si per half-formula unit (phfu).
The synthesis was carried out at 900 °C and 11 GPa.
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In contrast to high-temperature dioctahedral micas, low-tem-
perature potassium dioctahedral micas and micaceous minerals
normally occur as 1M and 1Md polytypes and are represented
by illite, aluminoceladonite, celadonite, ferroceladonite, fer-
roaluminoceladonite, and glauconite (Srodon and Eberl 1984;
Drits and Kossovskaya 1991; Li et al. 1997; Rieder et al. 1998;
Brigatti and Guggenheim 2002). Moreover, isomorphous cation
substitutions in these minerals are more diverse than in white
micas (Drits et al. 2006).

In a single-crystal structure refinement, Giiven (1971) showed
that the ¢ parameter and the tetrahedral rotation angle o are
smaller in 2M, phengite than in 2M, muscovite. Based on the
results of Giiven (1971) and on the simulation of aluminocela-
donite and celadonite structural features, Sokolova et al. (1976)
showed that the thickness of the mica structural unit (csinf/n
where 7 is the number of 2:1 layers in a unit cell) decreases from
9.973 A for 2M, muscovite to 9.923 A for 2M, phengite and
to 9.885 A for 1M aluminoceladonite because of a significant
decrease in the interlayer distance. The minor decrease in the
tetrahedral sheet thickness is almost compensated by the increase
in the octahedral sheet thickness leading to a constant 2:1 layer
thickness for these minerals.

Further investigations showed that in natural and synthetic
potassium dioctahedral 2M, and 37 micas, which belong to the
solid-solution muscovite-aluminoceladonite, the ¢ parameter de-
creases over the total composition range (Massonne and Schreyer
1986, 1989; Guidotti et al. 1992; Schmidt et al. 2001; Ivaldi et al.
2001). It was concluded that the smaller the tetrahedral rotation
angle, the larger are the ditrigonal rings of the tetrahedral sheets
across the interlayers, where the interlayer cation can sink, and
thus the shorter is the csinP/n value (Ferraris and Ivaldi 2002).

In contrast to high-temperature dioctahedral micas, the
relationship between cation composition and thickness of the
mica structural unit, csinf3, have not been studied properly for
low-temperature 1M illite, I M celadonite, 1M aluminoceladonite,
and 1M glauconite despite the wide range of isomorphous cation
substitutions. Structure studies of these minerals are problem-
atic as they are finely dispersed and often have low structural
order. In addition, the csinf} value of the low-temperature illite
samples has been assumed to be equal to 9.98 A, independent
of their cation composition and conditions of formation (Srodon
1999; Srodon et al. 1992). The purposes of this study are (1) to
demonstrate that the relationships found for high-temperature
dioctahedral micas are valid for the illite-aluminoceladonite

series; (2) to consider structural and crystal-chemical features
of the members in illite-Mg-rich illite-aluminoceladonite, and
glauconite-celadonite groups; and, based on the comparison of
these features, (3) to provide new insight into the factors control-
ling the contraction of the mica layer. To solve these problems
the structural features for each particular member of the two
groups were simulated with a modified version of the algorithm
of Smoliar-Zviagina (1993).

EXPERIMENTAL METHODS

X-ray diffraction

Random powder samples were obtained from the <1.0 and <2.0 um size frac-
tions of selected samples, which were loaded in 0.8 mm capillaries after spray
drying. High-resolution synchrotron powder diffraction data were collected on
the 11-BM beamline at the Advanced Photon Source (APS), Argonne National
Laboratory using an average wavelength of 0.414193 A, with data points col-
lected every 0.001 °26 and a scan speed of 0.01°/s. A mixture of NIST standard
reference materials, Si (SRM 640c) and Al,O; (SRM 676) was used to calibrate
the instrument. Corrections were applied for detector sensitivity, 20 offset, small
differences in wavelength between detectors, and the source intensity (Wang et
al. 2008; Lee et al. 2008).

Random powder XRD patterns of the other portion of samples were collected
with a -0 Thermo Xtra diffractometer with a 250 mm goniometer radius equipped
with a solid state Si detector using side-loading sample mounts with a 10 wt%
internal standard of the NIST SRM 640c Si powder mixed in with the sample to
calibrate 20 offset. Scans were made from 5 to 65 °26, with a 0.02° step incre-
ment, and a count time of 10 s or more per step using CuKo. radiation transmitted
through a 1.00 mm divergence and 1.80 mm antiscatter slit. Detector slits were
2.00 and 0.3 mm.

Oriented aggregates were made by evaporation onto glass slides to provide a
sample ~5 cm long with at least 10 mg clay per cm? (Moore and Reynolds 1997).
Scans were collected using the same diffraction system in the air-dried (AD) state
and in a nitrogen atmosphere after the oriented specimen was heated at 250° for
1 h. The scans were made from 2 to 52 °20 with a 0.02 °26 step increment and
counting rate of 4 s per step or longer.

Samples

The studied samples are represented by illite, aluminoceladonite, celadonite,
and glauconite, which form two solid solutions: (1) from (Mg, Fe)-free illite to
aluminoceladonite via Mg-rich illite, and (2) from Fe-rich glauconite to celadonite.
The samples have 1M or 1Md structures (see next section for details). Table 1
contains the mineral identifications, locations, expandability, and the references to
publications containing mineralogical characterizations of the samples.

Determination of the unit-cell parameters

Analysis of the experimental powder XRD patterns shows that the samples
are monomineralic dioctahedral 1M and 1Md micas and micaceous minerals. The
determination and refinement of the unit-cell parameters of the mica structures
were carried out using experimental d(k7) values. The unit-cell parameters of five

TABLE 1. Sample description

Sample name Mineral species Location, reference, and cited expandable layer content
RM30 illite Mg-poor Silver caldera, San Juan Mountains, Colorado; Eberl et al. (1987), 6-9%
M422 illite Mg-poor Belgorod, Low Amur, Russia; Slonimskaya et al. (1978); Drits and McCarty (2007), 10%
10564 illite Mg-poor Athabasca basement; Saskatchewan, Canada; Drits et al. (1993a)
Silver Hill illite Mg-bearing CMS, IMT-1 standard; Srodor and Eberl (1984), 1-2%

KIMC3 illite Mg-rich Ordovician K-bentonite, Vermont; Ryan et al. (2007), 5-10%
Zempleni lllite-smectite Flizerradvany, Hungary; Viczian (1997); Srodon et al. (1992), ~15%

60 globular illite Mg-rich South Urals, Russia; lvanovskaya et al. (1989), 5-10%

602-1 alumino-celadonite Twin Creek formation, Wyoming, This study

136 alumino-celadonite Tushlay, Mongolia; Petrova and Amarjargal (1996)

69 celadonite Krivoi Rog mining district, Russia; Lazarenko and Pavlishin (1976)
TAIH celadonite Na-bearing Taiheizan, Akita Prefecture, Japan; Kimbara and Shimoda (1973)

Z1 celadonite Russia; Malkova (1956)

68-69 glauconite Baltic region, Russia; Shutov et al. (1975); Drits et al. (1993b), 3-5%
PILT glauconite Ordovician sandstone, Latvia; Nikolaeva (1977); Drits et al. (1993b), 3-5%

BAB glauconite

Leningrad region, Russia; Nikolaeva (1977); Drits et al. (1993b), 3-5%
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samples (RM30, 602-1, 136, TAIH, Z1) recorded by synchrotron radiation (Fig.
1a) were refined by the least-squares technique using the Jade computer program
(MDI, Inc.) (Table 2). To minimize the possible influence of expandable layers,
the experimental d(00/) were excluded from the refinement procedure. According
to Kogure et al. (2008), the celadonite structures of samples TAIH and Z1 contain
stacking faults related to layer rotation by 180° only. Such stacking faults shift ikl
reflections with /2 # 0, whereas the positions of 0k/ and 00/ reflections are unaffected.
However, the difference between the experimental and refined d(hkl) values, with
two or three exceptions, does not exceed the estimated standard deviation of the
fits, which is 0.0041 °26 for sample TAIH and 0.0022 °26 for sample Z1.

Powder XRD patterns for samples 10564, M422, Zempleni, 60, Silver Hill,
KIMC3, 68-69, BAB, and PILT, were recorded with a laboratory diffractometer
and Cu radiation. Careful measurement of the positions of the reflections was made
by mixing 10% of NIST SRM 640c Si powder with each sample (Fig. 1b). The
powder XRD pattern of sample 10564 corresponds to cv 1M illite and the least-
squares method was used to determine the unit-cell parameters. In agreement with
the structural features of cv illite (Zviagina et al. 2007), the projection of the ¢ axis
onto the ab plane, as a fraction of the a axis (ccosP/a), is significantly smaller in
sample 10564 than in #v illite structures (Table 2). One of the remarkable features
ofthe XRD pattern is that along with Akl reflections corresponding to cv 1M illite, it
contains a set of weak but sharp reflections (Fig. 1b). The positions of these reflec-
tions correspond to those of rv 2M, illite. However, these reflections probably result
from the regular interstratification of enantiomorphic cv 2:1 layers differing in the
distribution of two symmetrically independent cis sites (Zviagina et al. 2007).

Samples M422 and Zempleni (Fig. 1b) contain stacking faults related to rotation
of some layers by £120° with respect to the layer orientation in the main 1M mica
matrix (Drits et al. 1984). Nevertheless, the unit-cell parameters of the structures
were refined with high precision (Table 2).

The structures of samples 60, 68-69, BAB, and PILT contain significant
amounts of stacking faults associated with mutual rotation of some mica layers
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by n-60° (n =0, 1-5) (Fig. 1b). According to Sakharov et al. (1990), in such struc-
tures, thin blocks with a periodic 1M structure are rotated by n-60° with respect
to each other with equal probability. The unit-cell parameters for these samples
(Table 2) were determined by a combination of least-squares refinement and the
trial-and-error technique to get the best possible agreement between measured
and calculated d(hkl).

The powder XRD patterns of samples Silver Hill and KJIMC3 show that
their structures contain a high amount of stacking faults related to random layer
rotations by 7-60°. Indeed, among 11/, 02/ reflections only two wide intensity
modulations in the regions of 112 and 112 reflections are observed (Fig. 1b).
Therefore, the conventional way of determining the unit-cell parameters could
not be applied to these samples (see below). Note that these samples, as well as
others containing rotational stacking faults, are described in terms of the 1Md,
rather than 1M, polytype.

One of the features of finely dispersed micaceous minerals is that they may
contain expandable interlayers (Srodon and Eberl 1984). However, for samples 136,
602-1, 10564, TAIH, and Z1, the experimental and refined d(00/) values coincide
within the experimental errors, showing that the structures of these samples contain
no or only a few expandable layers. The comparison of the experimental XRD
patterns from non-heated and heated (at 250 °C) oriented specimens of the same
sample recorded in air-dried and nitrogen atmospheres, respectively, show that
samples PILT, Silver Hill, and KJIMC3 contain about 5% of smectite interlayers,
and the positions and profiles of basal reflections almost coincide (Fig. 2). The only
noticeable difference is that the first low-angle reflections of the heated samples
are slightly more narrow and intense than those of the non-heated samples (Fig. 2).
Similar features of the basal reflections are observed from non-heated and heated
partially oriented specimens for samples BAB, 60, 68-69, and RM30 (Fig. 2). This
figure also shows that for samples BAB, 60, and 68-69, the positions and shapes
of the non-basal reflections coincide for both heated and non-heated specimens.
For sample RM30, the greater difference in the positions of basal reflections cor-
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FIGURE 1. Powder XRD patterns for the selected samples: recorded using synchrotron radiation (left) and using conventional Cu radiation
(right). The Akl indices are labeled for the #v 1M illite (RM30) and #v 1M illite fundamental particles (Zempline), and for cv 1M illite (10564).



DRITS ET AL.: MODELED STRUCTURAL FEATURES OF 1M DIOCTAHEDRAL MICAS 351

TaBLE 2.  Unit-cell parameters* of the studied mineral species
Sample Unit-cell parameter

a(h) b(A) c(A) B (°) csinB (A)  ccosp/a
RM30 5.2021(4) 8.9797(6) 10.226(8) 101.57(1) 10.018 -0.394
M422 5.1994(1) 8.9815(7) 10.233(2) 101.60(2) 10.024 -0.396
10564 5.1973(9) 8.999(1) 10.147(2) 99.00(1) 10.022 -0.305
Silver Hill 5.208 9.020 10.166 101.5 9.963 -0.389
KJMC3 5.210 9.020 10.159 101.4 9.959 -0.385
60 5.235(1) 9.032(1) 10.140(5) 101.52(3) 9.936 -0.387
Zempleni  5.2042(2) 8.9852(3) 10.205(1) 101.49(1)  10.000 -0.391
602-1 5.2141(5) 9.0082(7) 10.108(1) 101.12(2) 9.918 -0.374
136 5.2227(3) 9.0195(3) 10.0767(8) 100.82(1)  9.898 -0.362
69 5.227(1)  9.052(1) 10.153(1) 100.53(2)  9.982 -0.355
TAIH 5.2313(7) 9.0511(9) 10.138(2) 100.71(2)  9.961 -0.360
Z1 5.2291(5) 9.051(1) 10.144(4) 100.59(2) 9.971 -0.356
68-69 5.246(4) 9.076(2) 10.184(2) 101.1(1) 9.993 -0.374
PILT 5.246(4) 9.066(2) 10.182(3) 101.2(2) 10.002 0.377
BAB 5.248(4) 9.074(2) 10.203(3) 101.4(3) 9.988 -0.384

* The space group for the mica structure is C2/m except for cv illite (sample
10564), which is C2.

responding to the heated and non-heated specimens is more pronounced mostly
because of relatively high thickness of its coherent scattering domains (CSDs)
(Fig. 2). In general, these results are in agreement with expandability of the studied
samples determined by other authors (Table 1).

As mentioned, for the most disordered samples Silver Hill and KIMC3, the
XRD patterns for the heated and non-heated specimens almost coincide. The aver-
age d(001) values for KIMC3 are 9.971 + 0.007 A for the air-dried and 9.959 +
0.001 A for the heated specimens. The d(001) value itself was excluded from the
calculation of the average mica structural unit thickness because the 001 reflection
is shifted to lower 26 angles due to smaller CSD thickness (Drits and Tchoubar
1990). In addition, the rational series of basal reflections for the heated specimen
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most probably originates from the fact that the mica structural unit thickness and the
periodicity of completely dehydrated smectite along the ¢ * axis coincide, therefore
for sample KIMC3 d(001) = 9.959(1) A. The b and a parameters of the structure
are assumed to be 6 x d(060) and b/\/3, respectively. The trial-and-error procedure
was used to determine the P angle for which the calculated and experimental d(221)
and d(131) values would almost coincide (Table 2). A similar approach was used
to determine unit-cell parameters for the Silver Hill sample (Table 2).

The Zempleni illite has the I-S structure because the positions and profiles
of the basal reflections in the XRD patterns of glycolated, air-dried, and heated
oriented specimens of the sample differ substantially. However, the powder XRD
pattern of the sample exhibits, despite the high expandability, high structural order
in the stacking of illite layers (Fig. 1). In accordance with Reynolds (1992), the
main contribution to the 3D diffraction effects can be assumed to be provided by
illite fundamental particles that are separated from each other by smectite interlay-
ers. The unit-cell parameters for sample 69 given in Table 2 were taken from the
corresponding publication (Table 1).

Chemical analyses and structural formulae

The samples can be subdivided into two groups: those for which the chemical
analyses and the corresponding structural formulae have been published in the
literature, and the samples (602-1, 136, 10564, Silver Hill, KICM3) for which
chemical compositions were determined in this study by X-ray fluorescence
spectrometry (Table 3). The structural formulae were calculated for O,(OH),. The
TAIH, Z1, 10564, 69, 602-1, and 136 samples are smectite free, while the others
contain small amounts of smectite interlayers.

The dehydrated smectite layers were assumed to have a negative charge
equal to 0.60 valence units (v.u.) because of their specific location as interfaces
between illite fundamental particles. Their particular cation composition depends
on the amount of tetrahedral Al cations (Al,) in the average formula of the sample.
If Al, > 0.5, or Al, < 0.5, then the smectite formula is M ¢(Siz ssAl15)(RT%5sR3Ys
0,0(0OH), or M 4(Sis)(R;.4R350)O010(OH),, respectively, where M* = (}4Ca, Na),
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FIGURE 2. Comparison of XRD patterns from oriented specimens from air-dried and heated (shaded line) treatments (see text).
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TaBLE 3. Chemical composition of the studied samples

Sample SiO, TiO, Al,O, Fe,O, FeO MgO Ca0 Na,O K,0 Sum
RM30 48.9 33.0 1.38 0.0 0.1 9.32 92.7
M422 48.62 0.30 34.48 0.16 0.10 0.91 0.3 0.06 8.80 93.73
10564 50.2 0.08 337 0.8 1.5 0.2 0.11 8.59 95.19
Silver Hill 50.47 24.45 4.83 1.45 2.11 0.06 0.36 8.22 91.95
KJMC3 51.77 2499 1.41 1.91 3.16 0.16 0.48 7.93 91.81
Zempleni 51.21 29.77 0.24 2.21 0.35 0.22 7.71 91.71
60 53.81 0.19 21.35 3.24 1.96 3.97 0.25 0.07 8.62 93.56
602-1 53.02 20.31 0.82 1.48 4.91 0.12 0.24 8.23 89.13
136 5406 12.40 234 3.08 5.42 0.06 8.24 85.60
69 5430 0.09 1.30 21.04 5.86 3.80 0.44 0.01 8.99 95.7
TAIH 50.84 5.03 19.35 2.28 6.1 1.24 8.75 93.59
Z1 55.2 1.06 17.78 433 6.83 0.91 9.73 95.84
68-69 51.02 0.07 7.86 16.53 4.96 3.58 0.08 0.19 8.58 92.87
PILT 49.0 8.0 16.04 2.29 4.26 0.07 8.04 87.64
BAB 48.76 0.12 10.94 17.09 2.16 4.0 0.46 0.06 8.08 91.67

R3*=(Al, Fe*), R*" = (Mg,Fe?"). The amounts of Fe*" and Fe?" are also assumed to
be the same in the average and illite mica-like formulae. Each sample containing
smectite layers is therefore characterized by a particular structural formula for
the smectite layer. Taking into account the relatively low contents of expandable
layers in these samples the mole contribution of the smectite component to the
mean structural formula of each sample can be shown to be almost equal to the
proportion of expandable layers. The mole contribution of smectite layers to the
Zempleni sample formula is therefore assumed to be 15%, 10% for M422, and
3-5% for the other smectite-bearing samples. The corresponding mole contribution
of the smectite layers into the average structural formula of each smectite-bearing
sample was subtracted, and Table 4 contains, along with the average formulae, the
structural formulae for the mica-like components. Note that the structural formulae
of the mica-like components are similar to the average structural formulae of the
corresponding samples.

Table 4 and Figure 3 show that according to the structural formulae the mica
structures fall into two groups. One of them includes structures forming a solid
solution from Al-rich illite to aluminoceladonite via Mg-rich illite. Samples RM30,
10564, and M422 are Al-rich illite because Al is the prevailing octahedral cation
(1.86-1.96 cations per phfu). The deficiency of interlayer K, which is typical for
illite, is compensated by lower Al for Si substitution (0.73—0.85 cations per phfu)
as compared to ideal muscovite. Sample 60 is an Mg-rich illite that has a phengite-
like composition with a high Mg content (0.39 cations phfu) and relatively low Al
for Si substitution (0.39 cations phfu). The composition of this sample is not ideal
phengite because it contains a significant amount of octahedral Fe** and Fe** (0.17
and 0.11 cations phfu, respectively). Heterogeneous octahedral cation composition
is typical for all the samples in this group.

The Silver Hill and KIMC3 samples have cation compositions intermediate

between that of the RM30 and 60 samples (Table 4; Fig. 3). Sample 136 has an
aluminoceladonite-like cation composition with no tetrahedral Al, and the Mg and
Fe?* contents are 0.60 and 0.19 cations phfu, respectively. The cation composition of
sample 602-1 is intermediate between those of samples 60 and 136 (Table 4). Thus,
this collection of micaceous structures represents the most important members in
the solid-solution Al-rich illite—-Mg-rich illite—aluminoceladonite.

The second group of the samples forms a solid solution from typical glauconite
to pure celadonite (Table 4). In these samples, Fe’" is the dominant octahedral cation,
and the contents of tetrahedral Al cations phfu decrease from samples BAB (0.44)
to samples 68-69 (0.28), PILT (0.28), and TAIH (0.28), followed by the celadonite
samples Z1 (0.04) and 69 (0.06). The sample TAIH is different in that it contains
a significant amount of Na (0.18 atoms phfu) among the fixed interlayer cations
(Table 4). These compositional features of the samples are taken into account in
comparing the structural parameters within the glauconite-celadonite series.

STRUCTURE MODELING

The mica structural unit thickness (csinf for the 1M polytype)
corresponds to the octahedral and tetrahedral sheet thicknesses
and the interlayer distance. Because the adjacent OH groups
forming a shared octahedral edge are shifted toward each other
along c* by Aoy to provide shorter M-OH bonds and better
screening for the repulsion of octahedral cations (Drits et al.
2006), the octahedral sheet is characterized by two thickness
values, <h..>> and A% Here A2 is the distance along ¢ * between
the upper and lower apical (i.e., non-hydroxyl) O atoms in an

TABLE4. Cation compositions per O,,(OH), of the studied samples and their mica components
Sample Component Tetrahedral Octahedral Interlayer Component
Si Al Al Fe3*+Ti Fe? Mg K Ca Na proportion
RM30 average 3.27 0.73 1.86 0.14 0.80 0.03 0.01
illite 3.24 0.76 1.88 0.13 0.84 0.02 0.01 95%
M422 average 3.22 0.78 1.92 0.01 0.09 0.74 0.03
illite 3.15 0.85 1.96 0.01 0.05 0.83 90%
10564 illite 3.27 0.73 1.86 0.04 0.15 0.71 0.01 0.01 100%
Silver Hill average 3.48 0.52 1.46 0.25 0.08 0.22 0.72 0.05
illite 3.46 0.54 1.47 0.25 0.08 0.21 0.76 0.02 95%
KIMC3 average 3.53 0.47 1.54 0.07 0.11 0.32 0.69 0.01 0.06
illite 3.51 0.49 1.54 0.07 0.11 0.32 0.73 0.01 0.04 95%
60 average 3.64 0.36 1.35 0.17 0.11 0.40 0.74 0.02 0.01
illite 3.62 0.38 1.36 0.17 0.11 0.39 0.78 0.01 95%
Zempleni average 3.43 0.57 1.78 0.01 0.22 0.66 0.03 0.03
illite 3.36 0.64 1.82 0.01 0.18 0.78 85%
602-1 alumino-celadonite 3.71 0.29 1.39 0.04 0.09 0.51 0.75 0.01 0.03 100%
136 alumino-celadonite 4.00 1.08 0.13 0.19 0.60 0.78 0.01 100%
69 celadonite 3.94 0.06 0.06 1.15 0.36 0.41 0.83 0.03 0.01 100%
TAIH celadonite (Na) 3.72 0.28 0.16 1.07 0.10 0.71 0.82 0.18 100%
Z1 celadonite 3.96 0.04 0.05 0.96 0.26 0.73 0.89 0.07 100%
68-69 average 3.73 0.27 0.43 0.92 0.30 0.39 0.80 0.01 0.03
glauconite 3.72 0.28 0.43 0.92 0.30 0.38 0.84 0.01 95%
BAB average 3.58 0.42 0.53 0.94 0.13 0.44 0.76 0.04 0.01
glauconite 3.56 0.44 0.53 0.95 0.13 0.44 0.80 0.03 0.01 95%
PILT average 3.73 0.27 0.44 0.93 0.21 0.47 0.75 0.05
glauconite 3.72 0.28 0.44 0.93 0.21 0.47 0.77 0.03 97%
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octahedron, and <A,.> is the thickness of the octahedral sheet
averaged over all the anions.

Because the vacant octahedra are larger than those occupied
by cations, the adjacent tetrahedra are tilted across the elongated
lateral edges of the vacant octahedra (Lee and Guggenheim 1981;
Bailey 1984), so that the bridging basal oxygen moves inside
the layer by AZ with respect to the other two basal O atoms of
each tetrahedron. The tetrahedral sheet thickness is therefore
characterized by two values, /7> and <h;>, as calculated over the
non-depressed and all basal O atoms, respectively. Accordingly,
the thickness of the 2:1 layer is described by the values <Apor>
= b7 + 2<h> and A3y, = b + 2hP*. The interlayer distance
is therefore characterized by the values </, > = csinf — <hor>
and AT = csinf — A, where <h;,> is the average interlayer
distance and A%i1 is the distance between the non-depressed basal
tetrahedral O atoms across the interlayer.

To obtain the above structural parameters, the atomic co-
ordinates of the unit cell were modeled for all samples from
the chemical composition and unit-cell parameters, using a
modified version of the algorithm of Smoliar-Zviagina (1993).
The algorithm is based on regression equations relating the
structural features and chemical compositions of micas that
were obtained from the analysis of published data on refined
structures of micas of various compositions. As essentially no
reliable refined structural data exist on 1M/ dioctahedral micas,
the empirical relationships in question were mostly based on the
data on dioctahedral 20/, mica structures. Some of the regression
equations used by Smoliar-Zviagina (1993) have been modified
to account for new high-precision refined structural data on
dioctahedral micas published since 1993. These relationships
are given below:

dy=1.6187 + 0.1600(Al/4)' %, e.s.d. = 0.002 A (1)

where d;is the mean tetrahedral bond length and Al is the amount
of tetrahedral Al cations phfu.

d(M-0,0H) = (1.918Al,,+2.000Fe** + 2.100Fe*" +2.060Mg
+1.945Ti + 1.950Cr + 1.980Mn)/Z,, e.5.d. = 0.004 A (2)

where d(M-0,0H) is the mean octahedral bond length, Al, Fe*',
etc., are the number of the corresponding octahedral cations phfu,
and X is the sum of octahedral cations phfu.

AZ = (0.235 Al + 0.054 Fe*)/Z,, e.s.d. = 0.008 A 3)

The application of the structure modeling procedure to the
samples in this study was based on the following assumptions:
(1) the structural features of the 2:1 layer in 1M micas should
be similar to those in 2M,, so that the structural data modeled
for the 1M mica structures should also have similar reliability;
and (2) the presence of stacking faults resulting from random
layer rotations by n-60°, as well as the presence of expandable
interlayers should not significantly affect the unit-cell parameters
and structural distortions. The modeled atomic coordinates and
the main structural parameters of the studied micas are given in
Tables 5 and 6.

RESULTS

The contributions of the octahedral and tetrahedral sheet
thicknesses and interlayer distances to d(001) = ¢sinf, are shown
in Figures 4, 5, and 6. Figure 4a shows 4%2* plotted against d(001).
Two separate but similar trends are observed for the two groups
of samples. The lower the Al for Si substitution in the tetrahedral
sheets, and the higher the Mg for Al substitution in the octahedral
sheets of the 2:1 layers in the illite-aluminoceladonite series, the
thicker the octahedral sheet. In particular, along the transition
from Al-rich illite (sample RM30) to aluminoceladonite (sample
136) the d(001) values decrease from 10.018 to 9.898 A and
the thicknesses of the octahedral sheets, Am2, increase from
2.130 to 2.185 A (Fig. 4a; Table 6). The high Fe content in the
glauconite-celadonite sample group increases the A% values
significantly in comparison with those of the Al, Mg-rich samples.
In the transition from Al-bearing glauconite (BAB) to almost
Al-free celadonite (Z1), the d(001) values decrease from 10.002
t0 9.971 A and the thicknesses of the octahedral sheet increase
from 2.213 to 2.252 A (Table 6). Thus, in the two groups, the
decrease in the d(001) value is accompanied by increasing the
octahedral sheet thickness, AT,



354 DRITS ET AL.: MODELED STRUCTURAL FEATURES OF 1M DIOCTAHEDRAL MICAS

TaBLE5. Modeled atomic coordinates of the unit cells for the mica structures

Sample RM30 M422

Atom X y z X y z

K 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000

M 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000

T 0.4191 0.3280 0.2688 0.4189 0.3279 0.2690

01 0.3487 0.3100 0.1063 0.3474 0.3086 0.1060

02 0.4984 0.5000 0.3131 0.5013 0.5000 03123

03 0.6715 0.2246 0.3350 0.6697 0.2229 0.3350

OH 0.4191 0.0000 0.1006 0.4188 0.0000 0.0998

Sample Silver Hill KIMC3 60

Atom X y z X y z X y z

K 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000
M 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000
T 0.4191 0.3291 0.2710 0.4190 0.3292 0.2711 0.4198 0.3291 0.2715
01 0.3516 0.3124 0.1082 0.3523 0.3135 0.1082 0.3544 0.3156 0.1089
02 0.4881 0.5000 0.3182 0.4859 0.5000 0.3184 0.4750 0.5000 0.3203
03 0.6751 0.2299 0.3361 0.6757 0.2309 0.3359 0.6828 0.2374 0.3366
OH 0.4186 0.0000 0.1035 0.4197 0.0000 0.1043 0.4209 0.0000 0.1055
Sample Zempleni 602-1 136

Atom X y z X y z X y z

K 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000
M 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000
T 0.4184 0.3281 0.2692 0.4182 0.3292 0.2716 0.4174 0.3298 0.2725
01 0.3493 0.3108 0.1066 0.3544 0.3169 0.1091 0.3575 0.3209 0.1104
02 0.4935 0.5000 0.3137 0.4777 0.5000 0.3205 0.4585 0.5000 0.3241
03 0.6722 0.2267 0.3350 0.6779 0.2348 0.3369 0.6850 0.2442 0.3373
OH 0.4198 0.0000 0.1013 0.4198 0.0000 0.1064 0.4194 0.0000 0.1090
Sample 69 TAIH Z1

Atom X y z X y z X y z

K 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000
M 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000
T 0.4205 0.3324 0.2738 0.4209 0.3324 0.2741 0.4225 0.3326 0.2737
01 0.3629 0.3529 0.1129 0.3616 0.3243 0.1124 0.3647 0.3276 0.1129
02 0.4531 0.5000 0.3315 0.4709 0.5000 0.3315 0.4505 0.5000 0.3324
03 0.6912 0.2492 0.3354 0.6836 0.2406 0.3362 0.6956 0.2519 0.3356
OH 0.4062 0.0000 0.1114 0.4076 0.0000 0.1110 0.4085 0.0000 0.1129
Sample 68-69 PILT BAB

Atom X y z X y z X y z

K 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000 0.0000 0.5000 0.5000
M 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000 0.5000 0.1667 0.0000
T 0.4209 0.3314 0.2728 0.4219 0.3314 0.2729 0.4221 0.3312 0.2726
01 0.3600 0.3214 0.1113 0.3602 0.3216 0.1113 0.3585 0.3192 0.1106
02 0.4542 0.5000 0.3278 0.4639 0.5000 0.3276 0.4731 0.5000 0.3265
03 0.6929 0.2490 0.3352 0.6899 0.2448 0.3351 0.6863 0.2402 0.3350
OH 0.4119 0.0000 0.1092 0.4122 0.0000 0.1091 0.4127 0.0000 0.1078
Sample 10564

Atom X y z

K 0.5000 0.6528 0.5000

M1 0.5000 0.1667 0.0000

M2 0.0000 0.3333 0.0000

T 0.4333 0.9921 0.2692

T2 0.9185 0.8205 0.2692

01 0.4152 0.9986 0.1063

02 0.3432 0.3079 0.1063

03 0.9958 0.6571 0.3343

04 0.1585 0.9371 0.3129

05 0.6696 0.8817 0.3343

OH 0.8408 0.1900 0.1008

Figure 4b shows that the mean thickness of the tetrahedral
sheet, <h>, decreases with decreasing d(001) to form a unique
interdependence for both the illite-aluminoceladonite and
glauconite-celadonite sample series, although considerable
scatter exists in the <h;> values. Remarkable features of the
relationship are that, first, the Al-rich illite and Fe-rich glauconite
samples have similar <> values, and second, the range of the
<hp> variations for the samples is very narrow. For the illite-
aluminoceladonite members, <A,> decreases from 2.220 A for

d(001) = 10.024 to 2.202 A for d(001) = 9.898 A, whereas for
the glauconite-celadonite series the <> values change from
2.216 to 2.208 A almost independent of d(001) (Table 6). In
contrast, the relationship between the maximum thickness of
the tetrahedral sheets, 27*, and d(001) values is characterized by
different cross plots for the two groups of samples. An increase
in tetrahedral Al is accompanied by a significant increase in A3
(Fig. 4c) from 2.245 A for d(001) = 9.898 to 2.296 A for d(001)
=10.024 A for the Al-rich illite—aluminoceladonite series, and
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TABLE6. Model parameters describing the structural features of octahedral and tetrahedral sheets and interlayer separation

Sample csinf hmax <hy> hpax <hror> max. g <hoe> <hin> hin Olmod AZ dM,-0) dM-0) Iy
M422 10.024 2.124 2.220 2.296 6.564 6.716 57.227 2.083 3.460 3.308 11.20 0.179 2.260 1.933 2.654
10564 10.022 2.131 2.214 2.285 6.559 6.701 57.148 2.094 3.464 3.321 10.60 0.220 2.260 1.938 2.649
RM30 10.018 2.130 2.218 2.291 6.566 6.712 57.183 2.092 3.452 3.306 10.60 0.228 2.251 1.944 2.648
Zempleni 10.000 2.133 2212 2.283 6.557 6.699 57.154 2.098 3.443 3.301 9.80 0.213 2.236 1.944 2.642
Silver Hill 9.963 2.155 2.212 2.271 6.579 6.697 56.983 2.124 3.384 3.266 8.50 0.175 2.238 1.958 2.637
KJMC3 9.959 2.155 2.210 2.268 6.575 6.691 56.953 2.129 3.384 3.268 8.20 0.214 2.228 1.962 2.635
60 9.936 2.163 2.208 2.262 6.579 6.687 56.972 2.141 3.356 3.249 5.70 0.162 2.216 1.977 2,629
602-1 9.918 2.164 2.205 2.259 6.574 6.682 56.885 2.146 3.344 3.236 6.70 0.162 2.199 1.976 2.625
136 9.898 2.185 2.202 2.245 6.589 6.675 56.745 2.176 3.309 3.223 3.00 0.130 2171 1.999 2614
BAB 10.002 2213 2.216 2.243 6.645 6.699 56.680 2.194 3.357 3.301 4.50 0.086 2.201 2.008 2.631
68-69 9.993 2.225 2.213 2.237 6.651 6.699 56.595 2.210 3.344 3.294 1.10 0.075 2.186 2.019 2.622
PILT 9.988 2223 2.210 2.235 6.643 6.693 56.697 2.193 3.345 3.295 2.80 0.075 2.182 2.008 2,624
69 9.982 2.254 2.208 2.221 6.670 6.696 56.392 2.244 3.312 3.286 1.00 0.038 2.147 2.041 2.614
Z1 9.971 2.252 2.210 2.221 6.672 6.694 56.369 2.252 3.299 3.277 0.03 0.032 2.132 2.047 2.614
TAIH 9.961 2.239 2.214 2.230 6.667 6.699 56.479 2.230 3.295 3.262 4.50 0.047 2.158 2.031 2.622

from 2.221 A for d(001)=9.971 t0 2.243 A for d(001)=10.002 A
for the glauconite-celadonite series (Table 6).

Note that the position of sample TAIH deviates significantly
from the trend observed for the glauconite-celadonite series (Figs.

4a—4c). The reason is that the interlayers of this sample contain
0.18 Na atoms phfu (Table 4). The presence of Na in dioctahedral
micas promotes a decrease in the interlayer thickness (Guidotti et
al. 1992). Similar deviations of the TAIH sample are observed for
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relationships between d(001) and other structural parameters.
The relationships between the mean thickness of the 2:1
layers, <hor>, and d(001) (Fig. 5a) are similar to those found
for the A%4* and d(001) relationship (Fig. 4a). This cross plot
consists of two trends which show a small increase in </por>
with decreasing d(001) for each of the sample groups. The
similarity of the plots in Figures 5a and 4a results from the
low sensitivity of the <h;> values to the cation composition of
the tetrahedral sheet (Fig. 4b). For the same reason, the </igor>
values for glauconite-celadonite are greater than those for the
Al-rich illite—aluminoceladonite series. Moreover, because the
variations in A%* and <h;> with decreasing d(001) have opposite
trends (Figs. 4a and 4b), the mean thickness of the 2:1 layers in
the Al-rich illite—aluminoceladonite series is almost independent
of the cation composition. For example, Table 6 and Figure 5a
show that the </hor> values increase only by about 0.02 A from
6.566 to0 6.589 A in the solid solution from Al-rich illite (sample
RM30) to aluminoceladonite (sample 136). For the glauconite-
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celadonite samples, the </ior> values vary over a slightly wider
range, from 6.643 to 6.672 A (Fig. 5a).

In contrast to two separate <hpor> vs. d(001) trends for the il-
lite-aluminoceladonite, and glauconite-celadonite sample groups,
a unique, nearly linear relationship between the maximum
thickness of 2:1 layers and d(001) is observed for both groups
of samples (Fig. 5b). Moreover h7g; increases with increas-
ing d(001) by 0.037 A, from 6.675 A (samplel36) to 6.712 A
(sample RM30) (Table 6). Because of the low sensitivity of the
mean thickness of the 2:1 layers to their cation composition
(Fig. 5a), the mean interlayer distance <h;,> decreases with
decreasing d(001) for both the Al-rich illite—aluminoceladonite
and glauconite-celadonite series (Fig. 6a). In contrast to the
separate trends for <A, > vs. d(001) observed for the two groups
of samples, the 2% values form a unique and nearly linear rela-
tionship with d(001) for both sample series (Fig. 6b ).

DISCUSSION

In dioctahedral 2:1 layer silicates lateral adjustment of tetra-
hedral and octahedral sheets to form the 2:1 layer is achieved by
flattening of the octahedral sheets along the ¢* axis and counter-
rotation of the upper and lower octahedra triads. Structural
modifications of the tetrahedral sheet consist of corrugation of
its basal surface, rotation of tetrahedra in the opposite direction
around c*, and their elongation along c* (Bailey 1984). To reveal
the main factors responsible for the crystal-chemical features of
the studied structures, especially for the observed contraction of
the mica structural unit, let us consider relationships between the
structural parameters of the octahedral and tetrahedral sheets of
the 2:1 layers and their interlayers.

Relationships between the octahedral sheet thickness and
flattening

In general, the thickness of the octahedral sheet in the 2:1
layer depends on its cation composition, and the higher the
oxidation state and the smaller the size of the octahedral cation,
the thinner the octahedral sheet. The evolution of this thickness
observed for the Al-rich illite—aluminoceladonite series is in
agreement with this regularity (Fig. 4a). Indeed, in this sample
group, substitution of the smaller trivalent octahedral Al cations
by larger divalent Mg cations is accompanied by an increase in
the octahedral sheet thickness, 403*. A similar regularity exists
for the glauconite-celadonite group (Fig. 4a).

Because the octahedral sheet is characterized by two thick-
ness values, </,.c> and h53*, the octahedral sheet flattening may
be characterized by two y angles calculated from the average
d(M-0O, OH) and d(M-O) bond lengths, where d(M-O) is the
mean distance between the octahedral cation and apical oxygen
anions. Thus:

<y> = arccos[<h,>/2d(M-O,0H)] and
Yonax = arccos[hne/2d(M-0)]. “4)

The relationship between <y> and </,.c>, and that between
Yo and A are quite different. The decrease in the </, values
from aluminoceladonite to Al-rich illite, and from celadonite to
Fe-rich glauconite leads to increasing <y> values (Fig. 5Sc), that
is, to flattening the octahedral sheet. This trend can be described
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by a unique linear regression equation:
<y>=67.619 —4.993 <h,>, e.s.d. = 0.025°. 5)

In contrast to the relationships between <y> and <h,.>, an
increase in the A" values in the Al-rich illite—aluminocela-
donite series is accompanied by only a slight increase in Y.,
from 56.70° for the Al-rich sample RM30, to 56.87° for the
aluminoceladonite-like sample 136. For the glauconite-cela-
donite series the values of y,,,,, also vary within a narrow range
(56.48-56.60°). Therefore, the steady increase in the octahedral
flattening in the aluminoceladonite—Al-rich illite and celadonite-
glauconite groups is mostly associated with the shortening of
shared OH-OH edges. In these structure sequences, the d(M-0)
bond lengths and the A2 values increase almost proportionally
(Fig. 7a) because the range of y,,,, variation is small.

Relationships between the sizes of the vacant frans- and
occupied cis-octahedra and the basal surface corrugation,
AZ, of the tetrahedral sheet

In the mica structure, the vacant trans-octahedra are larger
than occupied cis-octahedra. Because the adjacent tetrahedra
across the elongated edges of trans-octahedra are tilted, the
bridging basal oxygen moves inside the layer by AZ. The two
regression lines in Figure 7b show that the larger the vacant trans
octahedron, the higher the AZ values in each group of samples.
The d(M-O) and AZ values are also related by two almost parallel
linear dependences (Fig. 7c). However, in this case, the higher
d(M-0), the smaller AZ. Thus, basal surface corrugation, AZ,
of the tetrahedral sheet is determined by the difference in the
lateral sizes of the trans- and cis-octahedra. The smaller the
average distance from the center of the vacant trans-octahedron
to its apices, d(M,-O), and the higher the d(M-O) bond length,
or the smaller difference between these values, the smaller is
the AZ value. For example, the difference between the d(M,-O)
and d(M-0O) distances for the Al-rich illite in sample RM30
(2.251 — 1.944 = 0.307 A) and the aluminoceladonite-like Mg,
Fe?"-rich sample 136 (2.171 - 1.999 =0.172 A) shows that with
increasing substitution of Mg and Fe?* for Al the sizes of the
occupied cis- and vacant trans-octahedra become closer (Table
6). A similar effect is observed for the glauconite-celadonite
samples (Table 6). This means that the transitions from illite to
aluminoceladonite as well as from glauconite to celadonite are
accompanied by a steady decrease in AZ. Note that the relation-
ships shown in Figures 7a and 7c¢ may explain the almost linear
dependence between AZ and A5, which is unique for all the
studied samples (Fig. 8a).

Influence of the basal surface corrugation, AZ, on the
mean and maximum thickness of the tetrahedral sheet

In the transition from Al-rich illite to aluminoceladonite,
as well as from glauconite to celadonite, the size of the vacant
trans-octahedra decreases as does the Al content in the tetra-
hedral sheets. Such a transition should therefore decrease both
h and AZ. The two regressions in Figure 8b correspond to the
following equations:

hy = 2180 + 0.497 AZ, and A = 2.207 + 0.402 AZ,, or
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AZ,=2.012 h* — 4.386 and AZ, = 2.488 I'E* — 5.490. (6)

Here AZ, and AZ, are the AZ values for the Al-rich illite—
aluminoceladonite, and glauconite-celadonite groups, respec-
tively. The mean thickness of the tetrahedral sheet is <4;>= (3
iy — AZ)/3. Taking into account the regressions for AZ; and AZ,
(Eq. 6), the mean thickness of the tetrahedral sheets for the two
groups of samples (<A'> and <h";>, respectively) are

<h'p>=0.33 hf*+1.461 =2.180 + 0.164 AZ,, and
<h">=0.172 hp>+ 1.828 = 2.207 + 0.069 AZ,. 7

Significant variations in the 4#$** values in both sample se-
ries (Fig. 4c) are determined by their strong dependence on AZ

A 2.080

2.040

d(M-0)

2.000

1.960

HH‘HH‘HH‘HH
2
)
5

1.920

2120 2140 2.160 2.180 2.200 2.220 2.240 2.260
s

oct

B 2.280

2.240

2.200

d(M,-0)

2.160

2.120

0.000 0.050 0.100

AZ

0.150 0.200 0.250

I 2.080

2.040 —] "ﬂ\n\ﬁ\A

3 2.000 — 7¢,
S

0.000 0.050 0.100 0.150
AZ

FIGURE 7. Relationships between (a) octahedral bond length (M-O)
and maximum thickness of the octahedral sheet, 453, (b) octahedral
distance from the center of the vacant trans site (M,-O) to the nearest
oxygen atoms, and corrugation of basal oxygen surface, AZ, and (c)
octahedral bond length (M-O) and corrugation of basal oxygen surface,
AZ. Symbols: diamond = illite, cross = aluminoceladonite, square =
celadonite, triangle = glauconite. Regression parameters: (7a;) d(M-O)
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(Eq. 6), that is, by the difference in the sizes of the #trans- and
cis-octahedra. Averaging the positions of depressed and non-
depressed basal O atoms of the tetrahedral sheets dramatically
decreases the dependence of <i> on AZ (Eq. 7; Fig. 8c). There-
fore, lateral adjustment of octahedral and tetrahedral sheets in
the 2:1 layers does not change the </i> values in the glauconite-
celadonite sample group, and only slightly decreases the <A>
values by about 0.02 A in the Al-rich illite—aluminoceladonite
series (Table 6).

Empirical equations for determination of the tetrahedral
rotation angle o

The rotation of adjacent tetrahedra around the ¢* axis by the
aangle that allows the lateral adjustment of the octahedral and
tetrahedral sheets depends on many structural parameters of both

sheets (Smoliar-Zviagina 1993; Brigatti and Guggenheim 2002).
In general, substitution of smaller trivalent for larger divalent oc-
tahedral cations and the simultaneous decrease in the tetrahedral
Al content improves the fit between the sheets and consequently
decreases the tetrahedral rotation angle o.

Analysis of the published data (Brigatti and Guggenheim
2002 and references therein) on refined 2M,; dioctahedral mica
structures yields the equation:

coso.= b/(9.028 + 0.169 Al), e.s.d. = 0.7°. ®)

For the illite-aluminoceladonite, and glauconite-celadonite
samples, the following relationships are valid for the a values
obtained from structure modeling:

coso = b/(9.028 + 0.155 Al,), and
coso = b/(9.045 + 0.124 Al,), e.s.d. = 0.4°. ©)

Brigatti and Guggenheim (2002) suggested that tetrahedral
rotation in micas was related to the ratio of basal tetrahedral and
lateral octahedral edge lengths so that cosou= (V3/2)k, where k is
the ratio of the mean octahedral lateral O-O distance (taking into
account the vacant octahedron) to the mean basal tetrahedral edge
length. Figures 13 and 14 in Brigatti and Guggenheim (2002)
show that for the range of o values from about 5° to about 10°,
the scatter of the points is up to 3° when the observed edge
lengths are used, and up to 6—8° using the empirical relation-
ships suggested by the authors. For the samples in this study,
this relationship underestimates the modeled o values by 1 to
2°. Using the equations cosa = 0.8637k and coso = 0.8646k
for illite-aluminoceladonite and glauconite-celadonite samples,
respectively, improves the accuracy to 0.4 and 0.95°. Even better
results are obtained using the equations

coso. = 0.868b/3/,, e.s.d. = 0.4° and
0.8664b/31,, e.s.d. = 0.3° (10)
where /, is the mean basal tetrahedral edge for illite-alumi-
noceladonite and glauconite-celadonite samples. Figures 9a—9¢
demonstrate the correlations between the o values calculated
by Equations 8-10, and the observed a relationships for 2M,
structures and the modeled o value relationship for the samples
in this study. The perfect correlation between the o values cal-
culated from the atomic coordinates and from Equation 9 using
the b parameter and the amount of tetrahedral Al cations phfu
can be considered as indirect evidence of the reliability of the
modeled structural parameters.

Statistical significance of the regression equations

The above described regressions (Figs. 4-9) are evaluated for
statistical significance by the coefficient of determination, R?, and
the Anova quality of fit p-value. Two types of regressions can be
distinguished. One corresponds to the relationships between the
structural parameters of both sample groups that are described
by a single equation. These regressions are shown in Figures
5b, 5S¢, 6b, 8a, and 9. For this regression type the R? parameter
varies from 0.918 to 0.997 and the p-values are <0.0001. The
only exception is the relationship between A7&; and csinf3 , for



DRITS ET AL.: MODELED STRUCTURAL FEATURES OF 1M DIOCTAHEDRAL MICAS

A 14.000 —
T O = 0.772 Gy +2.439
12000 = p¥_go18
10.000 = p-value <0.0001
TU |
S 8.000 —
6.000 —
4.000 —|
2.000 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
2000 4000 6.000 8000 10.000 12.000 14.000
obs
12.000 —
= Oear1 =0.997 Oyoq +0.017
B 10.000 — R*=0.990
= p-value <0.0001
8.000 —
T 6000 7
3 =
S 4000 2
2.000 —
0.000 —
\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0.000 2000 4.000 6.000 8000 10.000 12.000
Omod
12.000 —
c 10.000 — ez =0.990 Olyg +0.315
=4 R*=00981
8.000 —  p-value <0.0001
6.000 —
o =
$ 4000 o
2.000 —
0000 4 — @
\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0.000 2.000 4.000 6.000 8000 10.000 12.000
od

FIGURE 9. The correlations between the calculated o values and (a)
the observed o for 2M, structures, and, (b—c) the modeled o value for the
samples (see text). Symbols: diamond =illite, cross =aluminoceladonite,
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which R? = 0.820.

The second type of regression corresponds to the relationship
between parameters of either the illite-aluminoceladonite or
glauconite-celadonite sample group. The regressions describing
the relationships between the structural parameters of the illite-
aluminoceladonite sample series have the same significance level
as those for the single regressions determined for both sample
groups, where the R? values are between 0.907-0.991 and the
p-values are <0.0001. The regressions corresponding to the
relationships <Agor> vs. csinf (Fig. 5a,) and <h> vs. AZ (Fig.
8c,) are exceptions, with R*0f 0.758 and 0.883, and p-values of
0.0022 and 0.0002, respectively.

The regressions describing the glauconite-celadonite sample
group can be divided into three subgroups. The first describes
the relationships between various structural parameters of the
2:1 layers (Figs. 7a,, 7b,, 7c,, and 8b,), as well as that between
<hy,> and csinf (Fig. 6a,), that is, the regressions where the
csinf values are not related to the structural parameters of the
2:1 layers. For these regressions the R? values are between 0.88
and 0.991 and the p-values are <0.007.

The second regression subgroup corresponds to the relation-
ships between csinf and the structural parameters of the 2:1
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layers (Figs. 4a,, 4c,, and 6¢,), which are characterized by both
low R? (0.74-0.88) and relatively higher p-values (0.018-0.042).
These values still represent an acceptable significance because a
common p-value threshold for a significant difference between
means is 0.05.

The third group of regressions describes the relationships
between <Apor> and csinf, as well as between <i> and AZ
(Figs. 5a, and 8c,). The p-values for these regressions are 0.059
and 0.1186, respectively, and exceed the accepted significance
threshold of 0.05. The reason is the combination of the small
number of samples, low sensitivity of <A4;> and <Ao> to varia-
tions in AZ and csinf3, respectively, and the considerable scatter
in the parameter values.

New interpretation for the observed contraction of the
mica structural unit

As shown above, the <Aor> values do not decrease, but
increase slightly with increasing contents of octahedral Mg
and Fe?' cations. In the Al-rich illite—aluminoceladonite series
<hror> increases from 6.564 to 6.589 A, and in the glauconite-
celadonite group, from 6.645 to 6.672 A. Therefore the decrease
in the d(001) values from 10.024 to 9.886 A, and from 10.002
to 9.971 A in these respective groups is determined mostly by
the decreasing mean interlayer distance (Figs. 6a). The simplest
and generally accepted model is that the tetrahedral rotation
is the main factor responsible for the interlayer contraction in
muscovite-phengite structures, where the smaller the o angle,
the larger the size of the ditrigonal ring and interlayer cavity,
and the more favorable the conditions for the contraction of the
interlayer space, which minimizes the average K-O, distances,
as well as the differences between the (K-O,)iune and (K-Oy)oueer
(Sokolova et al. 1976; Massonne and Schreyer 1986; Schmidt et
al. 2001; Ivaldi et al. 2001; Ferraris and Ivaldi 2002).

A new insight into the interpretation of the contraction of the
mica layer in dioctahedral 1M micas can be achieved if we take
into account that the mean interlayer distance depends primarily
on Al for Si substitution. The increase in the amount of tetrahedral
Al leads to undersaturation of the basal O atoms with respect
to negative charge and consequently to their mutual repulsion
(Takeda et al. 1971). Therefore the greater the tetrahedral Al for
Si substitution the stronger the repulsion between the planes of
basal O atoms and the larger is the interlayer distance. According
to this concept, the basal O atoms that have the same average
under-saturated negative charge should be separated by the same
mean interlayer distance and vice versa.

The validity of this interpretation is supported by the com-
parison of mica pairs in which the members of each pair have
the same or nearly the same <#;,.~> values, but belong to dif-
ferent groups of samples, one to the Al-rich—aluminoceladonite
group, and the other to the glauconite-celadonite group (Table
7; Figs. 10a—10c). For example, the aluminoceladonite sample
(136) and celadonite sample (Z1), as well as the Mg-rich illite
sample (60) and the glauconite sample (BAB), have identical or
very similar mean interlayer thicknesses and Al for Si substitu-
tions in the tetrahedral sheets. In particular, for the first pair, the
<h;,> values are 3.309 and 3.299 A, and the Al, values are 0.00
and 0.04 atoms phfu, respectively. For the second pair the <A;,>
values are 3.356 and 3.357 A and the Al, values are 0.38 and
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TABLE7. Sample groups having the same or close mean interlayer
separation and Al for Si substitution, but different interlayer
structure

Sample Z1 136 68-69 602-1 BAB 60

AIT(pfuz 0.040 0.030 0.280 0.290 0.440 0.380

<hy> (A) 3.299 3.309 3.344 3.344 3.357 3.356

Olod 0.03 3.00 1.10 6.70 4.50 5.70

AZ(A) 0.032 0.130 0.075 0.162 0.086 0.162

hrze () 0.343 3481 3.442 3.560 3471 3.573

HuA)y 3277 3.223 3.294 3.236 3.301 3.249

(K-O)iner (A)  3.341 3.002 3.109 2.949 3.016 2.982
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FIGURE 10. Relationships between the mean interlayer distance,
<hi,>>, and (a) the amount of tetrahedral Al, (b) corrugation of basal
oxygen surface, AZ, and (c¢) the modeled ditrigonal rotation angle, o.(see
text). Symbols: diamond = illite, cross = aluminoceladonite, square =
celadonite, triangle = glauconite.

0.44 atoms phfu, respectively (Fig. 10a). However, Table 7 and
Figures 10b—10c show that the interlayer structures of each pair
have different o, AZ, AR, and A7 values. As a result, the distor-
tions of the K-bearing polyhedra are different for each member
of'the pair. For example, the interlayer structures of samples 136
and Z1 have significantly different o values (3.0 vs. 0.03°), AZ
(0.130 vs. 0.03 A), Amin (3.223 vs. 3.277 A), and A (3.481 vs.
3.343 A). Similarly, the interlayer structures of samples 60 and
BAB have significantly different parameters (Table 7; Fig. 10).
The two samples aluminoceladonite 602-1 and glauconite 68-69,

DRITS ET AL.: MODELED STRUCTURAL FEATURES OF 1M DIOCTAHEDRAL MICAS

which occupy an intermediate position between the above two
pairs of samples, have identical Al contents (0.28 cations phfu)
and <h;,> (3.344 A), but different parameters characterizing their
interlayer structures (Table 7; Fig. 10).

As was mentioned for each sample group, the mean thickness
of the 2:1 layers has low sensitivity to the cation composition
(Fig. 5a) and the observed decrease in the csinf value is deter-
mined by the decrease in <h;,>>, which, in turn, depends on the
substitution of Al for Si. Therefore, almost linear interdepen-
dences exist between Si and csin for both groups of samples
(Fig. 6¢).

Comparison of the interlayer structures of 1M illite
consisting of frans-vacant and cis-vacant layers

The interlayer structures of v and ¢v 1M Al-rich illite struc-
tures represented by samples RM30 and 10564, respectively,
provide a remarkable example to support the crucial role of the
repulsion of the adjacent basal O atoms of the tetrahedral sheets
across the interlayer. The two structures have similar csinf3
values of 10.018 and 10.022 A, similar amounts of tetrahedral
Al1(0.76 and 0.73 apfu) and close values of <A, of 3.452 and
3.464 A, respectively. In the v structure, the nearest depressed
basal O atoms of the adjacent tetrahedral sheets are located
on the layer mirror planes, almost exactly one above the other
along the c* axis.

Therefore, in the ¢v structure of the RM30 sample, the in-
terlayer K is located in a distorted prism in which two edges
formed by the nearest depressed O atoms are significantly longer
(3.816 A) than the other four (3.356 A) formed by the nearest
non-depressed O atoms. In contrast, in the interlayer cavity of
the cv 1M structure, the grooves formed by rows of the depressed
basal O atoms of the adjacent tetrahedral sheets are rotated with
respect to each other by 120° and, therefore, each depressed oxy-
gen has a non-depressed oxygen atom as nearest neighbor (Drits
et al. 2006). As a result, the edge lengths of the interlayer prism
are partly equalized in the cv 1M structure in such a way that
four edges become significantly shorter (3.586 A) than the two
longer ones formed by the depressed O atoms in the v structure,
and only two edges have the same lengths as the shorter ones in
the v 1M structure (3.356 A). Therefore, although the layer and
interlayer structures of the #v and c¢v Al-rich illite polymorphs
differ significantly, the two structures have the same average
interlayer distance and csinf} values because of the close average
non-compensated negative charge of the basal oxygen anions.
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