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Abstract—A comprehensive study of clay minerals should include determination of the vacancy pattern of
the dioctahedral sheet. The purpose of this report is to consider the advantages and limitations in various
diffraction and non-diffraction methods for the determination of the layer types in clay minerals.
Identification of trans-vacant (tv) and cis-vacant (cv) clay minerals reported here is based on powder X-ray
diffraction (XRD) patterns calculated for different polytypes consisting of either tv or cv layers, on the
simulation of experimental XRD patterns corresponding to illite or illite fundamental particles in which tv
and cv layers are interstratified, and on the semi-quantitative assessment of the relative content of the layer
types in the interstratified structures by generalized Méring’s rules. A simple and effective method for
identification of tv and cv layers in dioctahedral 2:1 layer silicates employs thermal analysis and is based on
different dehydroxylation temperatures for tv and cv illite and smectite layers.
Crystal chemical analysis of various dioctahedral 2:1 layer silicates consisting of tv and cv layers

indicates that compositional control is present in the distribution of octahedral cations over trans- and cis-
sites. In dioctahedral smectites the formation of tv and cv layers is related to the layer composition and
local order-disorder in the distribution of isomorphous cations. Dioctahedral 1M micas with abundant Fe3+

and Mg occur only as tv varieties. In contrast, 1M-cv illite, as well as cv layers in illite fundamental
particles of I-S, can form only as Fe- and Mg-poor varieties. In illites and illite fundamental particles of I-S
consisting of tv and cv layers, cv layers prevail when the amounts of Al in octahedra and tetrahedra are
>1.55 and >0.35 atoms per O10(OH)2, respectively.
The main factors responsible for the stability of cv and tv illites have been established. Monomineral cv

1M illite, its association with tv 1M illite, and interstratified cv/tv illite occur around ore deposits, in
bentonites, and in sandstones mostly as a result of different types of hydrothermal activity. The initial
material for their formation should be Al-rich, and hydrothermal fluids should be Mg- and Fe-poor.
Tv and cv smectites of volcanic origin differ in terms of octahedral cation composition and distribution

of isomorphous octahedral cations. Mg-rich cv smectites have random distribution of isomorphous
octahedral cations, whereas in Mg-bearing tv smectites octahedral Mg cations are dispersed so as to
minimize the amount of Mg-OH-Mg arrangements.

Key Words—Cis-vacant Layers, Illite, Illite-smectite, Smectite, Thermal Analysis, Trans-vacant
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INTRODUCTION

An important aspect in the general problem of

structural and crystal-chemical heterogeneity of miner-

als is the distribution of octahedral cations over the

trans- and cis-sites in dioctahedral 2:1 phyllosilicates

and, in particular, clay minerals. A 2:1 layer consists of

two tetrahedral sheets linked through an octahedral

sheet. In the general case the octahedral sheet contains

three symmetrically independent sites (one trans- and

two cis-octahedra) which differ in terms of the arrange-

ment of OH groups and oxygen anions coordinating

octahedral cations: in the trans-octahedra the OH groups

lie across the space diagonal whereas in the cis-

octahedra the OH groups form a shared edge. The

widely held view for some time has been that in

dioctahedral 2:1 phyllosilicates, and clay minerals in

particular , the trans-sites are vacant.

The existence of 2:1 dioctahedral phyllosilicates with

one of the two symmetrically independent cis-octahedra

vacant was first reported by Méring and Oberlin (1971)

for a sample of Wyoming montmorrillonite. Drits et al.

(1984) deduced unit-cell parameters and atomic coordi-

nates for a one-layer monoclinic cis-vacant (cv) illite

model (1M-cv), calculating powder XRD patterns for

periodic 1M-cv and trans-vacant (tv) 1M structures

(1M-tv), as well as for models in which tv and cv layers

were interstratified, and formulating diffraction criteria

for the identification of these illite varieties. Tsipursky

and Drits (1984) studied numerous dioctahedral smectites

and discovered a wide variety of occupancies of the

available cis- and trans- octahedral sites including cv

(most montmorillonites) and tv samples (nontronites,

beidellites, and some montmorillonites) samples, as well

as samples consisting of interstratified cv and tv layers.

The major factor affecting the cation distribution over

trans- and cis-sites was the amount of Al-for-Si substitu-
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tion (Tsipursky and Drits, 1984). Zvyagin et al. (1985)

described a monomineral Al-rich 1M-cv mica sample, and

Reynolds (1993) demonstrated, for the first time, that

illite fundamental particles in mixed-layer illite-smectite

(I-S) consist either of tv or cv layers, or both layer types

are interstratified in these particles. Since then, various

forms of occurrence of cv and tv layers in dioctahedral

smectites, illites, and I-S in various geological environ-

ments have been reported (e.g. Drits et al.,1993; McCarty

and Reynolds, 1995, 2001; Reynolds and Thomson, 1993;

Lee, 1996; Lanson et al. , 1996; Zhukhlistov et al.,1996;

Drits et al., 1996; Altaner and Ylagan, 1997; Cuadros and

Altaner, 1998a, 1998b; Ylagan et al., 2000; Lindgreen et

al., 2000, 2002; Sainz-Diaz et al., 2001; Drits, 2003 and

references therein; Drits et al., 2002, 2004, 2006, 2007;

McCarty et al., 2008).

A comprehensive study of clay minerals should

therefore include determination of the layer types in

their structures. However, in spite of the ever-increasing

interest in the study of layer types in clay minerals and

considerable progress in the field, problems remain with

the interpretation of the structural features and with

identification of tv and cv layers in phyllosilicates.

Furthermore, the correlations between the layer types in

clay minerals, on the one hand, and the physicochemical

conditions and geological environments of mineral

formation, on the other, still need to be elucidated.

The aim of the present work was to: (1) review the

methodologies used for identification of tv and cv layers

in 2:1 phyllosilicates, and (2) analyze the interdepen-

dencies between the structural features of clay minerals

containing tv and/or cv layers, their conditions of

formation and their occurrence in specific geological

environments.

METHODS FOR DETERMINING LAYER TYPES

Identification of periodic cv and tv dioctahedral mica

varieties

Analysis of the XRD patterns simulated for structural

models of 1M, 2M1, 2M2, 3T, and 2O dioctahedral micas

consisting of either tv or cv layers provided a number of

diffraction criteria that form a basis for the identification

of these structural varieties (Zviagina et al., 2007). The

differences in the unit-cell parameters and, specifically,

the absolute value of the overall layer displacement,

which result from the specific structural distortions of tv

and cv layers, lead to the differences in the positions of

reflections having the same indices in the XRD patterns

for Al-rich tv and cv 1M, 2M1, and 2M2 mica varieties,

which can therefore be distinguished using powder

XRD. Note, however, that the differences between the

absolute values of the overall layer displacements in tv

and cv micas decrease with increasing Mg and/or Fe

contents. For example, the layer displacement |c cosb|
decreases almost linearly with the total number of

divalent octahedral cations in 1M-tv micas (Drits et al.,

1997a). Accordingly, the differences in reflection

positions for these tv and cv varieties should decrease

with increasing Mg and/or Fe contents, thus complicat-

ing their identification.

Furthermore, the apparent as well as true similarities

revealed in the XRD patterns for various dioctahedral

mica varieties lead to serious complications. For

example, Drits et al. (1993) noted that in the powder

XRD patterns of trans-vacant 3T (3T-tv) and 1M-cv

mica polymorphs, hkl reflections have similar intensities

and positions. For this reason, all illite varieties

previously described as 3T-tv (Warshaw, 1959; Ey,

1984; Halter, 1988) turned out to be either 1M-cv illite

or illite structures in which tv and cv layers are

interstratified (Drits et al., 1993). Zviagina et al.

(2007) found that the XRD pattern simulated for 1M-

cv structure is similar to that for not only 3T-tv, but also

the 3T structure with the vacancies in the right-hand cis-

sites, i.e. located to the right of the edge formed by the

adjacent OH groups (3T-cv1). On the other hand, both

the peak positions and intensity distribution in the

diffraction pattern of 1M-tv illite are very similar to

those for the 3T structure consisting of layers with the

vacancies in the left-hand cis-sites (to the left of the edge

formed by the adjacent OH groups (3T-cv2)).

The identification of dioctahedral mica structure

varieties will become even more difficult if tv and cv

layers are interstratified within the same structure (this

will be dealt with in greater detail below). Additional

complications should also be expected in the case of

structures containing stacking faults, which may affect

both peak positions and intensities (Drits and Tchoubar,

1990).

In general, the interpretation of powder XRD patterns

of dioctahedral mica structural varieties should be

treated with caution, bearing in mind the inherent

limitations in the method. In some cases, therefore, the

only possible identification method would be simulation

of diffraction effects for structural models and compar-

ison of simulated and experimental XRD patterns.

Diffraction methods for determining layer types in

interstratified cv/tv structures in illites and illite

fundamental particles

Interstratification of tv and cv layers often occurs in

illites and illite fundamental particles in I-S (Reynolds,

1993; Drits, 2003, and references therein). Different

distributions of octahedral cations over trans- and cis-

sites in 2:1 layers are accompanied by specific distor-

tions of cis- and trans-octahedra (Drits et al., 1984,

2006). The projection of the c axis on the ab plane, T =

c6cosb, in the 1M-tv illite, therefore, differs signifi-

cantly from that in the 1M-cv illite. In a tv layer, the

center of the ditrigonal ring of the upper tetrahedral

sheet is shifted from the center of the lower tetrahedral

sheet in a projection on the ab plane by more than the

ideal �a/3 value (Bailey, 1984). As a result, in 1M-tv
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illites, Ttv = �(0.38 ~ 0.40)a depending on the octahedral

cation composition of the 2:1 layers. In the cv layer, the

absolute value of this shift is <a/3, and in 1M-cv illites

Tcv = � (0.30 ~ 0.31)a (Drits et al., 1984, 1993;

Tsipursky and Drits, 1984; Zvyagin et al., 1985;

Reynolds and Thomson, 1993). Thus, interstratification

of tv and cv layers is associated with interstratification of

two different translations and is accompanied by

significant variations of positions, intensities, and

profiles of hkl reflections with h = 0 in the powder

XRD patterns.

Several different diffraction methods are used for the

determination of coexistent tv and cv layer contents in

illite structures.

Semi-quantitative calculation of the amount of inter-

stratified tv and cv layers from d11l values. This

technique is based on the ability of XRD to average

the parameters of a defective structure (Drits and

McCarty, 1996). For illites consisting of tv and cv

layers, diffraction should average interstratified inter-

layer translations. This means that a given interstratified

structure should be characterized by a statistically

weighted layer displacement equal to Tef = WcvTcv +

WtvTtv, where Wcv and Wtv are the occurrence probabil-

ities for cv and tv layers, respectively. Taking into

account that Wcv + Wtv = 1, we have Wcv = (Ttv � Tef)/

(Ttv � Tcv). For a tv/cv 1M structure, Tef is given by

Tef =
c cosb

a = 0.125 (c sinb)2 1
d2
11�22

� 1
d2112

� �

=

0.125 (c sinb)2 1
d2
11�33

� 1
d2
111

� �

�1,

where the d11l values are calculated from the observed

11l reflections (Drits and McCarty, 1996).

A similar approach to the calculation of Wcv is based

on the generalization of Méring’s (1949) rules by Drits

and McCarty (1996), according to which the non-basal

reflections of an interstratified structure are located

between the neighboring hkl reflections of the periodic

phases, the elementary layer units of which are inter-

stratified. The positions of these reflections depend on

the relative proportions of the interstratified interlayer

translations. Therefore, in a 1M structure in which tv and

cv layers are interstratified, 11l reflections are located

between the 11l reflections corresponding to pure tv and

pure cv micas (Drits and McCarty, 1996; Drits, 2003).

The proportions of tv and cv layers can be determined

either using a graphical technique suggested by Drits and

McCarty (1996) or from the equations

Wcv ¼
1=d11�22obs � 1=d11�22tv
1=d11�22cv � 1=d11�22tv

¼ 1=d112tv � 1=d112obs
1=d112tv � 1=d112cv

¼ 1=d11�33obs � 1=d11�33tv
1=d11�33cv � 1=d11�33tv

Here d11lobs is the spacing of the 11l reflection

corresponding to tv/cv illite, which is situated between

the nodes of tv and cv 1M illites that have the same 11l

indices and d11ltv and d11lcv spacings, respectively.

The above techniques are simple and reliable, but in

general, they only provide semi-quantitative estimation

of the layer types because peak positions are sensitive to

rotational stacking faults.

Quantitative determination of the layer types from

modeling of the experimental diffraction patterns. This

more reliable method is based on calculation of XRD

patterns from different structural models containing

interstratified tv and cv layers, as well as rotational

and translational stacking faults (Drits et al., 1984;

Reynolds, 1993; Drits, 2003). Examples of effective

application of this approach are given by Reynolds

(1993), McCarty and Reynolds (1995, 2001), Cuadros

and Altaner (1998a, 1998b), and Ylagan et al. (2000).

However, even qualitative identification, let alone

quantitative determination, may prove problematic in

some cases. For example, Drits and Sakharov (2004)

found that both the positions and shapes of hkl

reflections in simulated XRD patterns of the 2M1-tv

and 3T-tv mica varieties are very similar to those for the

interstratified 2M1-tv/cv and 3T-tv/cv structures, respec-

tively. Therefore, reliable and unambiguous identifica-

tion of such complicated structures may require

application of alternative methods.

Application of the Rietveld method. A modified Rietveld

technique, based on the recursive method, was suggested

by Ufer et al. (2008) for phase quantification of mixed-

layer structures. The recursive method can be imple-

mented in a Rietveld model using a supercell approach

in combination with a complex manipulation of the

structure-factor calculation, to determine the contents of

different layer types. This approach, however, is

restricted to mixed-layer structures with low expand-

abilities.

Determination of tv and cv layers in turbostratic I-S and

smectite structures. Neither of the techniques described

above can be applied if powder XRD patterns do not

contain three-dimensional diffraction maxima in the

diagnostic region containing the 11l and 02l reflections,

as in the case of smectites and high-expandability I-S

with turbostratic structures having random displace-

ments and rotations of adjacent layers.

However, even for these minerals, essential informa-

tion on the distribution of octahedral cations over trans-

and cis-sites can be obtained by simulation of diffraction

effects. Drits et al. (1984) showed that the intensity of

the two-dimensional 02,11 band for dioctahedral micas

and dehydrated smectites is constant if their layers are

either tv or cv, and decreases significantly if octahedral

cations are randomly distributed over trans- and cis-sites

within the same layer. At the same time, the intensity of

the 20,13 band does not depend on the cation distribu-
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tion. Therefore, the intensity ratio of the 02,11 and 20,13

bands is sensitive to the distribution of octahedral

cations between cis- and trans-sites within the same

octahedral sheet. Taking into account this result,

Manceau et al. (2000) compared the experimental and

calculated intensity of the 02,11 and 20,13 bands for

different occupancies of trans and cis sites in four

nontronite samples and found that 100% of cis-sites in

their structures are occupied by cations.

Another way to determine the distribution of

octahedral cations over trans- and cis-sites in a smectite

structure involves artificial increase of its three-dimen-

sional structural order by saturation with large, anhy-

drous K or Cs cations and introduction of wetting-and-

drying cycles, with subsequent dehydration, according to

the technique of Mamy and Gaultier (1976). Powder

XRD patterns of the treated smectites contain significant

intensity modulation in the diagnostic region of 02l and

11l reflections. Using this technique, the actual distribu-

tion of octahedral cations over cis- and trans-sites was

revealed for dioctahedral smectites (Besson et al., 1983;

Tsipursky and Drits, 1984; Cuadros, 2002).

Dehydroxylation and rehydroxylation behavior of

dioctahedral 2:1 phyllosilicates: implications for

determination of the vacancy pattern of the octahedral

sheet

Structural transformations of Al-rich and Fe,Mg-rich tv

and cv phyllosilcates. The structural mechanisms in the

dehydroxylation and rehydroxylation of micas, smec-

tites, and I-S depend on their chemical composition, as

well as on the distribution of octahedral cations over cis-

and trans-sites (Drits et al., 1995; Muller et al., 2000a,

2000b, 2000c; Dainyak et al., 2006).

The dehydroxylation of Al-rich tv clay minerals

proceeds in one stage, when each two adjacent OH

groups, which form a shared octahedral edge, are

replaced by a single residual oxygen atom, Or, so that

the octahedral cations become five-coordinated. The Or

atoms are located at the same z coordinate as the

octahedral cations and midway between them

(Guggenheim et al., 1987). In this case, dehydroxylation

occurs at temperatures <600ºC for illite and smectite

layers alike. During the rehydroxylation process, the

structural rearrangement takes place in reverse order and

the original structural arrangement of the 2:1 layers is

recovered (Heller-Kallai et al., 1962; Muller et al.,

2000c).

In cv structures, dehydroxylation occurs in two stages

(Drits et al., 1995). At the first stage, each two adjacent

hydroxyls are replaced by a residual oxygen atom, and

the cations that originally occupied cis- and trans-sites

become 5- and 6-coordinated, respectively. The resulting

structure, however, is unstable, and no shift of octahe-

dral cations or anions can compensate for the charge

imbalance. Therefore, when additional thermal energy is

applied, each cation initially occupying a trans-site

migrates to the nearest five-fold coordination polyhe-

dron corresponding to the initially vacant cis-site, and

the resulting structure is the same as that in the case of

dehydroxylated tv layers. This complex structural

rearrangement of cv layers increases the dehydroxylation

temperature of cv structures to 650�750ºC. During

rehydroxylation these heat-treated layers preserve their

tv structure (Muller et al., 2000c).

During dehydroxylation of Fe,Mg-rich tv 2:1 phyllo-

silicates, adjacent OH groups are replaced by a residual

Or oxygen atom located in one of the two adjacent

former OH positions, which provides five-fold coordina-

tion for each cation in the dehydroxylated octahedral

sheet, and the octahedral cations migrate from cis- into

the former trans-sites (Tsipursky et al., 1984; Muller et

al., 2000a, 2000b, 2000c; Dainyak et al., 2006). Such an

arrangement ensures appropriate Fe�Or bond lengths

and stabilizes the dehydroxylated structure. According to

Muller et al. (2000c), the rehydroxylation of celadonite

preserves the octahedral-cation distribution formed after

dehydroxylation, so that most 2:1 layers of celadonite

that rehydroxylate have cv structure. In contrast, for a

glauconite sample with a large amount of octahedral and

tetrahedral A1, the rehydroxylation is accompanied by

the reverse cation migration and most of the 2:1 layers

are transformed into tv layers.

Determination of tv and cv layers in micas, smectites,

and I-S using thermal analysis. The different dehydrox-

ylation behaviors of tv and cv phyllosilicates allow the

proportions of tv and cv layers to be determined with the

help of a non-diffraction method based on analysis of

loss of structural water during dehydroxylation.

Comparison of the results obtained by XRD and thermal

analysis showed that losses of structural water above and

below 600ºC occurred during dehydroxylation and are

proportional to the amounts of cv and tv layers,

regardless of whether smectite or illite is involved

(Drits et al., 1998; Drits, 2003).

Application of the thermal analysis, however, may

encounter complications. Firstly, sophisticated equip-

ment is involved: quantitative determination of struc-

tural H2O released requires a DTA device combined

with either a mass spectrometer or a gas outlet to non-

dispersive infrared H2O and CO2 detectors (evolved

water analysis (EWA), Morgan, 1977). The advantage of

both techniques is that the loss of hydroxyls is recorded

separately and the amount of structural water released

during dehydroxylation can be determined quantitatively

and with great sensitivity. Secondly, the method is an

indirect one, and the experimental data should be treated

with caution; for example, the results may be misinter-

preted in the presence of significant amounts of Fe,

which decreases considerably the dexydroxylation tem-

perature. Another complication may be associated with

the presence of kaolinite and/or chlorite layers and other
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impurities that dehydrate at ~400�750ºC, as the

amounts of H2O per unit cell in kaolinite and chlorite

are greater than in mica, smectite, and I-S.

Determination of the octahedral vacancy pattern in 2:1

phyllosilicates by solid-state NMR. Takahashi et al.

(2008) applied 27Al multiple quantum (MQ) magic angle

spinning nuclear magnetic resonance (MAS NMR) to the

local structural analysis of octahedral Al positions in a

Na-montmorillonite. Three octahedral Al positions

differing in isotropic chemical shift and quadrupole

product can be distinguished by 27Al 5QMAS NMR.

These three sites originate from different configurations

of OH groups around Al in the cis- and trans-positions.

Two of the Al sites, having smaller isotropic chemical

shifts, were assigned to Al in the cis-sites, and the third,

to Al in the trans-site. The Na-montmorillonite sample

under study was shown to have cv structure.

CRYSTAL-CHEMICAL FACTORS AND

PHYSICOCHEMICAL CONDITIONS RESPONSIBLE

FOR THE FORMATION OF CV LAYERS IN CLAY

MINERALS

Structural and chemical factors favoring the formation

of tv and cv layers in illite and illite fundamental

particles in I-S

Crystal-chemical analysis of a representative collec-

tion of illites and illite fundamental particles in I-S

differing in chemical composition and contents of tv and

cv layers revealed compositional control over the

distribution of octahedral cations between trans- and

cis-sites (Drits et al. 2006). In illites and illite funda-

mental particles of I-S consisting of tv and cv layers, cv

layers prevail when Aloct > 1.55 and Altetr > 0.35 atoms

per O10(OH)2. Accordingly, when Altotal, Aloct, and Altetr
are less than those values, the occurrence probability for

cv layers in illites and illite fundamental particles of I-S

decreases significantly. Fe3+- and Mg-rich dioctahedral

micas (celadonite, glauconite, Al-celadonite, and most

phengite) occur as tv varieties only. The occurrence of tv

illites and tv illite fundamental particles in I-S does not

depend significantly on the cation composition of the 2:1

layers. In contrast, cv 1M illite and illite fundamental

particles in I-S can only form as Fe- and Mg-poor

varieties. Importantly, under low-temperature diagenesis

and hydrothermal conditions, Al-rich 1M-cv illite may

have the same or even greater stability than the 1M-tv

polymorph (Drits et al., 1993; Lanson et al., 1996).

To explain these regularities and reveal the main

structural factors that favor the formation of cv layers in

illite and illite fundamental particles in I-S, simulations

of atomic coordinates and interatomic distances for

periodic 1M-tv and 1M-cv illite structures were used

(Drits et al., 2006). Analysis of the structural models

showed that the structures of the interlayer cavities in

the 1M-tv and 1M-cv varieties differ owing to the

different arrangements of six depressed and non-

depressed oxygen atoms nearest to the interlayer K. In

the 1M-tv structure, the distances between K and the

depressed O atoms are significantly longer than those

between K and four non-depressed ones (Figures 1 and

2). In contrast, due to mutual rotation of the adjacent

tetrahedral sheets by 120º, in the interlayer of the 1M-cv

structure the depressed O atoms across the interlayer are

arranged in such a way that a minor shift of K toward the

nearest depressed oxygens significantly equalizes indi-

vidual K�O interatomic distances.

Furthermore, in 1M-tv illite, the depressed O atoms of

the adjacent tetrahedral sheets are almost directly

superimposed onto each other in projection down c*

and, therefore, the distances between them are signifi-

cantly greater than those between the nearest non-

depressed O atoms. In contrast, in the interlayer of the

1M-cv illite (Figure 1b) each depressed O atom has a

non-depressed O for a nearest neighbor. As a result, the

edge lengths in the polyhedron around K are equalized.

Interlayer structures of this kind should decrease the

mutual repulsion of the nearest basal oxygen atoms of

the adjacent tetrahedral sheets.

The interlayer K in the 1M-cv has an environment

which is similar to that in 2M1 muscovite because the

Figure 1. Projection on the ab plane of adjacent tetrahedral sheets bonded to interlayer K in (a) the 1M-tv and (b) 1M-cv illite

structure. Shaded circles represent depressed basal oxygens, and filled and open circles represent non-depressed basal oxygens in

the upper and lower tetrahedral sheets, respectively.
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upper and lower tetrahedral sheets across the interlayer

are rotated by 120º in both 1M-cv and 2M1-tv structures.

Because 2M1 muscovite is a stable mica polytype, the

similarity in the interlayer arrangements in both 1M-cv

and 2M1-tv can be assumed to be one of the main factors

responsible for the stability of 1M-cv illites in natural

environments.

The role of the above factors, however, should

decrease with increasing contents of large Mg, Fe2+,

and Fe3+ cations and decreasing tetrahedral Al content,

as this reduces the differences in the dimensions and

shape of the vacant and occupied octahedra and,

consequently, in the amounts of tetrahedral rotation

and tilt (Bailey, 1984; Brigatti and Guggenheim, 2002;

Drits et al., 2006), thus leading to a less significant

difference in interlayer arrangement.

To summarize, the large octahedral and tetrahedral Al

contents, the small difference between individual K�O

basal bond lengths, and the minimization of the

repulsion of the basal oxygen atoms are the main factors

responsible for the stability of 1M-cv illite where the

interlayer environment is similar to 2M1 muscovite. The

asymmetry of the cv octahedral structure, where the

occupied trans-octahedra are elongated along the a axis

while the occupied cis-octahedra are stretched along the

b axis, should decrease the stability of 1M-cv minerals.

On the contrary, the symmetrical structure of the tv 2:1

layers, where the occupied octahedra have the same

shape and size, favors 1M-tv illite despite the less stable

arrangement of the interlayer configuration.

Potential role of crystal-chemical features in the

formation of tv and cv smectites

An explanation of the origin of cv and tv smectites

was proposed by Cuadros (2002). Based on the

octahedral size effect and a correlation between idea-

lized tetrahedral and octahedral b dimensions, he

suggested that a cv octahedral sheet should have very

little or no tetrahedral Al, whereas a tv sheet should have

more Al-for-Si substitution. Along with some inherent

logical contradictions, this hypothesis does not explain

the existence of tv montmorillonites. Furthermore, in

contrast to nontronite, beidellite was excluded from this

consideration as it falls out of the correlation between

idealized tetrahedral and octahedral b parameters.

A different approach based on the analysis of the

local charge compensation was developed by Drits et al.

(2006). In the nontronite�beidellite series, where the

main negative charge is located in the tetrahedral sheets

and octahedral cations are mainly trivalent, both tv and

cv arrangements of these cations provide local charge

compensation for the anions in the octahedral sheets

Figure 2. Side view of adjacent tetrahedral sheets bonded to interlayer K in (a) the 1M-cv, and (b) 1M-tv illite structure.
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equally well. The tv structure typically observed in the

nontronite�beidellite series may be associated with the

symmetrical arrangement of a tv octahedral sheet, where

the occupied octahedra have the same size and shape. In

contrast, distortions in the occupied octahedra in a cv

sheet may decrease the stability of the structure. Low-

charge members in the nontronite�beidellite series may,

however, have cv structure. For example, low-charge

beidellite samples were described by Tsipursky and Drits

(1984). Recently Lantenois et al. (2008) described a

low-charge cv beidellite synthesized under hydrothermal

conditions.

In Mg,Fe2+-rich montmorillonites with random dis-

tribution of octahedral cations, a cv octahedral sheet

seems more favorable than a tv sheet from the local

charge compensation point of view. Indeed, whenever a

Mg-OH-Mg arrangement occurs in a tv sheet, two

adjacent OH groups will be bonded with two Mg-cations

and the OH oxygens will be strongly under saturated. In

contrast, in a cv octahedral sheet, two adjacent OH

groups are bonded with three octahedral cations, thus

ensuring more favorable conditions for local charge

compensation. Probably for this reason the majority of

the Mg-rich montmorillonites studied with random

distribution of octahedral cations are cis-vacant. On the

other hand, Mg-bearing montmorillonite may be trans-

vacant if the distribution of isomorphous octahedral

cations is not random and octahedral Mg cations are

dispersed so as to minimize the amount of Mg-OH-Mg

arrangements. As an example, Mg-bearing tv mont-

morillonite with ordered distribution of Mg cations was

described by Drits et al. (2004).

In general, however, the role of the octahedral cation

composition and distribution of isomorphous cations in

the formation of tv and cv layers in smectites is still

insufficiently understood. For example, it is still

unknown why Al-rich smectites, in which the layer

charge is located in both octahedral and tetrahedral

sheets, can be either tv or cv, as shown by Tsipursky and

Drits (1984). Similarly, the influence of the content of

octahedral Fe on the distribution of cations between

trans- and cis-sites is not clear.

Dioctahedral smectites have useful technological

properties, which are used widely in industrial applica-

tions. Further research is needed, however, to gain

sufficient insight into the relationships between the

physicochemical properties of smectites and the struc-

ture of smectite layers in order to ensure purposeful

application of physicochemical properties of smectites.

Physicochemical conditions and geological

environments favorable to the formation of cv illite and

cv layers in illite fundamental particles of I-S

Analysis of the structural features of 1M-cv illites

explains why structural and compositional control pre-

determines the occurrence of these mica varieties in

specific geological environments: the initial reaction

fluids for formation of 1M-cv illite must be Al-rich and

Mg- and Fe-poor. Monomineral 1M-cv illite, its associa-

tion with 1M-tv illite, and interstratified cv/tv illite

structures are most often formed as a result of

hydrothermal activity of different origin (Drits et al.,

2006, and references therein). In particular, 1M-cv or an

association of 1M-cv and 1M-tv illites may be formed as

products of hydrothermal alteration such as around ore

deposits. Drits and Kossovskaya (1991) noted that the

formation of such deposits may occur in two stages:

(1) intense leaching of rocks by acid solutions and the

formation of associations of Al-rich minerals such as

kaolinite, dickite, pyrophyllite, etc., and (2) ore-deposit

formation and illitization of the Al-rich minerals. For

example, 1M-cv illite with and without 1M-tv association

was found in illite from hydrothermal alteration of

kaolinite around uranium deposits in the Athabasca

basement (Canada) (Drits et al., 1993). Cis-vacant 1M

illite and its association with 1M-tv may form by

hydrothermal alteration of kaolin minerals in sedimen-

tary rocks (Zvyagin et al., 1985; Lanson et al., 1996;

Lee, 1996; Gavrilov and Tsipursky, 1988; Reynolds and

Thompson, 1993). Monomineral 1M-cv or interstratified

tv/cv 1M illites or illite fundamental particles in I-S may

be formed by hydrothermal transformation of volcanic

ash or tuff of rhyolitic composition (Horton, 1983; Drits

et al., 1996; Cuadros and Altaner, 1998a, 1998b;

McCarty and Reynolds, 1995, 2001; Ylagan, 2000).

Insight into the crystal-chemical factors responsible for

the formation of tv and cv layers provided interpretation

for the data of McCarty and Reynolds (1995, 2001), which

explains how bentonites originally having the same bulk

composition can be transformed to either tv- or cv-

dominated illite or I-S structures depending on their

geological settings (Drits et al., 2006). The tv-dominated

samples of McCarty and Reynolds (1995, 2001) are from

imbricated over-thrust sheets and strongly folded strata

located in the southern part of the Appalachian Basin,

where the abundance of dolomitic rocks may be

considered as evidence for the existence of Mg-rich

brines. Therefore, not only K but also Mg cations may

have been involved in the formation of the I-S. The 2:1

layers of these I-S are indeed enriched by Mg, and the

formation of the tv-dominated illite fundamental particles

in the southern I-S is probably related to their structural

and chemical features, namely, relatively low tetrahedral

rotation and small basal surface corrugation. In contrast,

I-S samples from the northern Appalachian Basin were

obtained from flat-lying undeformed strata, and the Al-

rich cation composition of the I-S may have been

inherited from that of the original Al-rich bentonitic

material. As a consequence, illite fundamental particles of

the I-S are characterized by greater tetrahedral rotation

and basal surface corrugation values, which favors

formation of cv layers. Thus, the difference in fluid

composition probably controlled the production of cv and

tv illite layers in the I-S samples of this particular region.
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Structural mechanisms in the formation of I-S containing

tv and cv layers. Illitization of smectite through a series

of mixed-layer illite-smectites (I-S) is a typical reaction

for burial diagenesis and hydrothermal activity (Środoń,

1999). Until recently, the structural study of I-S by XRD

was confined to the determination of the contents and

distribution of the interstratified illite and smectite

interlayers along the c* axis. In order to reveal the

actual mechanism in smectite illitization, however, the

octahedral vacancy pattern in the interstratified layers

should be determined.

Two basic structural mechanisms are possible in the

formation of I-S containing interstratified tv and cv

layers: (1) the so-called solid-state transformation (SST)

mechanism, which consists of gradual, layer-by-layer

replacement of smectite by illite layers within the

mineral matrix (Cuadros and Altaner, 1998a, 1998b);

and (2) the dissolution-reprecipitation (DR) mechanism

which involves multiple stages of nucleation and crystal

growth, so that the synthesis of the I-S includes

simultaneous growth of tv and cv layers in each

individual I-S crystal (Ylagan et al., 2000). In addition,

smectite illitization may proceed through SST to a

certain stage, after which a further increase in the

fraction of illite layers is accompanied by a DR process

(Drits et al., 1996).

The interpretation of the transformation of smectite

into illite layers should take into account the crystal-

chemical features favorable for formation of tv and cv

layers. An increase in the amount of illite layers in Mg-

rich I-S may be expected to lead to a tv-dominant

structure formation when cv-smectite layers are replaced

by tv-illite layers. In contrast, when the formation of

illite layers in I-S is accompanied by a significant

increase in Al in both tetrahedral and octahedral sheets

of the 2:1 layers, the occurrence probability for tv- or cv-

dominated structures depends mostly on particular

thermal conditions because the crystal-chemical features

of Al-rich illite particles are equally favorable for both tv

and cv layers. For example, the Al contents remained

high throughout the illitization reaction during hydro-

thermal transformation of rhyolitic volcanoclastites from

Dolna Ves, Slovakia (Drits et al., 1996). At the first

stage of the process, which was a SST of smectite to

illite layers, of up to 50% illite layers, all the 2:1 layers

in I-S had cis-sites vacant, whereas further increases in

the amount of illite layers, up to 90%, proceeded through

a DR process, during which cv layers were replaced by tv

2:1 layers.

Geological conditions favoring formation of tv and cv

smectites. Implications for indicator characteristics of

I-S

To date, no systematic analysis has been performed

regarding the correlations between the layer types in

clay minerals, on the one hand, and the physicochemical

conditions and geological environments of mineral

formation, on the other. As a result, the physicochemical

conditions leading to either ordered or random distribu-

tion of octahedral cations in tv and cv smectites of the

same composition are not altogether clear, nor are the

conditions favoring the formation of interstratified tv/cv

smectites.

Interpretation of the origin and evolution of I-S in

different geological environments may depend on the

crystal-chemical features of the initial smectite, includ-

ing cv and/or tv layer structure. Insufficient information

about the occurrence of different structural forms of

smectites in specific geological environments can,

therefore, lead to incorrect assumptions about indicator

characteristics of I-S structures.

Based on the generally accepted notion that the cv

smectites are primary products of weathered or hydro-

thermally altered volcanoclastic rocks of rhyolitic

composition, I-S consisting of tv and cv layers have,

for a long time, been typically associated with volcanic

materials (McCarty and Reynolds, 1995, 2001; Drits et

al., 1996, 1998, 2002; Altaner and Ylagan, 1997;

Cuadros and Altaner, 1998a, 1998b; Ylagan et al.,

2000). In contrast, I-S primarily formed from weathered

illitic material typically consists of tv 2:1 layers

independent of the content of I and S layers, e.g. as

found for I-S from the Upper Jurassic oil-source rocks

(Drits et al., 1997b). Drits et al. (1998) suggested that

I-S formed from volcanic material contains a significant

amount of cv layers, whereas I-S formed from weathered

illitic material consists of tv 2:1 layers, and this was

supported by investigations of smectite illitization of

K-bentonites (Cuadros and Altaner, 1998a, 1998b),

hydrothermally altered rhyolitic volcanoclastics (Drits

et al., 1996), and shales (Lindgreen et al., 2000). Strong

evidence for this assumption was provided by the

inves t iga t ion of I -S in one Upper Ju ras s i c

Kimmeridgian mudstone core from East Greenland

(Drits et al., 2002). The I-S samples located at different

levels in the core were found to differ dramatically in

terms of the amounts of cv layers. Drits et al. (2002)

concluded that the interstratification of I-S with different

amounts of tv and cv layers must be due to different

sources of parent material. I-S with a large proportion of

cv layers probably formed from volcanic material,

whereas the other samples with a large proportion of tv

layers probably formed by weathering of micaceous

material. Such findings reflect episodes of volcanic

activity during Kimmeridgian time, as suggested by

Lindgreen and Surlyk (2000).

Based on these data, Lindgreen et al. (2002) assumed

that the North Sea Maastrichtian chalk clays were

formed from weathered illitic material because the

illite-smectites consist predominantly of tv layers.

However, after the discovery of Mg-bearing tv smectites

in clays from the K/T boundary layer at Stevns Klint,

Denmark, formed from volcanic ash (Drits et al., 2004),

this assumption had to be revised. First, the clay samples
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in the North Sea chalk clays and clays in the K/T

boundary consist of physical mixtures of low-smectitic

and high-smectitic I-S, and the proportions of illite and

smectite layers in the respective high- and low-smectitic

phases in these mixtures are almost the same. Second,

the structural and chemical features of the mixed-layer

phases which make up the North Sea chalk clays and

clays in the K/T boundary (little substitution of Si for Al,

large amount of octahedral Mg, small amount of

octahedral Fe, vacancy of trans-sites, short-range order-

ing in distribution of octahedral Al and Mg cations in the

tv layers) were found to be nearly identical. This

similarity should be considered as strong evidence of

the common origin of both clays, so that the North Sea

Maastrichtian clays should also be regarded as having

volcanic origin (Drits et al., 2004).

Interestingly, the formation of tv-smectites from

alteration of volcanic material is not unique. Tsipursky

and Drits (1984) described tv-smectite from the Gumbrin

and Ascan bentonites from Georgia. However, further

investigations have shown that most of the bentonitic

smectites are cis-vacant and the existence of bentonitic

tv-smectites was forgotten. McCarty et al. (2008)

described samples from different depths in the

Oligocene Frio formation (offshore Gulf of Mexico)

containing smectite that was found to be of volcanic

origin and have tv structure.

Furthermore, according to Sokolova et al. (1976,

1978) tv aluminoceladonite and mixed-layer tv alumino-

celadonite-smectites are formed from alteration of

volcanic material in evaporitic basins. The distribution

of isomorphous octahedral cations in these tv samples

was not analyzed.

The results of Drits et al. (2004) illustrate that tv and

cv smectites having volcanic origin, in fact, differ

substantially as regards both octahedral cation composi-

tion and distribution of isomorphous octahedral cations.

For example, the I-S sample HSI from the K/T boundary

layer at Stevns Klint, Denmark, consists of two phases:

70% of a high-smectitic (HS) phase with 95% low-

charge montmorillonite and 5% illite layers; and 30% of

a low-smectitic (LS) phase with 50% smectite and 50%

illite layers. The low-charge montmorillonite in the HSI

sample consists of tv layers. In contrast, SAz-1 mont-

morillonite (Arizona, USA) has cv structure. The mont-

morillonite in HSI, however, has less Mg than SAz-1,

and the octahedral Al and Mg cations in its 2:1 layers are

distributed to form the most homogeneous local cation

environments around Al, i.e. on average each Al has one

Mg neighbor. In contrast, the cationic pairs of SAz-1 are

randomly distributed to create larger variations of the

local electronic structure for the Al environment. As

mentioned above, such patterns in the distribution of

isomorphous octahedral cations in a smectite 2:1 layer

favor the formation of tv and cv structure, respectively,

which, in turn, may be due to different physicochemical

conditions of formation; HSI may have been formed

under more stable physicochemical conditions than those

for the SAz-1.

Whereas certain insight has been gained into the

structural and crystal chemical features of smectites

having volcanic origin, little is known about the layer

types in smectite which act as the predecessor of

diagenetically transformed I-S. In young sedimentary

basins the pure smectite phase may be masked by

variability of smectite contents in random I-S from

surface samples. Jennings and Thompson (1986) and

Velde and Vasseur (1992) showed that surface I-S may

recrystallize to form pure smectite at burial depths

ranging from several hundreds of meters in older rocks

to 1�2 km depth in younger ones; this smectite is the

starting point for the smectite-to-illite transformation in

diagenesis (Velde and IIjima, 1988). No data exist,

however, on the octahedral vacancy pattern in the

minerals involved in this process.

CONCLUSIONS

A variety of sophisticated diffraction and non-diffrac-

tion methods have been developed for both qualitative and

quantitative determination of tv and cv layers in

dioctahedral 2:1 phyllosilicates and clay minerals. Each

method has inherent problems and limitations.

The latest achievements in the methodologies for the

study of layer types in clay minerals has made possible

the revelation of crystal-chemical factors, physico-

chemical conditions, and geological environments favor-

ing the formation of tv and cv layers in illite and illite

fundamental particles in very illitic I-S. On the other

hand, correlation between the physicochemical conditions

of smectite formation and the specific vacancy patterns in

octahedral sheets requires further study in order to

elucidate the physicochemical conditions leading to either

ordered or random distribution of isomorphous octahedral

cations in tv and cv smectites and the factors favoring the

formation of interstratified tv/cv smectites. Additional

studies are also needed to reveal the interdependencies

between the structural and crystal-chemical characteristics

of smectites and I-S and specific geological environments

of their formation. In particular, the layer types in surface

I-S and pure smectite in young sedimentary rocks should

be investigated.
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