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2.1. GENERAL STRUCTURAL INFORMATION

Phyllosilicates considered in this section ideally contain a continuous tetrahedral
sheet. Each tetrahedron consists of a cation, T, coordinated to four oxygen atoms, and
linked to adjacent tetrahedra by sharing three corners (the basal oxygen atoms, Oy) to
form an infinite two-dimensional ‘hexagonal’ mesh pattern along the a, b crystallo-
graphic directions (Fig. 2.1). In the octahedral sheet, connections between each oc-
tahedron, M, to neighbouring octahedra are made by sharing edges. The edge-shared
octahedra form sheets of hexagonal or pseudo-hexagonal symmetry (Fig. 2.2). Com-
mon tetrahedral cations are Si*", AI’", and Fe?*. Octahedral cations are usually
AP, Fe’ ", Mg>", and Fe*> ", but other cations, such as Li*, Mn?>", Co*", Ni**,
Cu?*, Zn?", V¥, C7, and Ti*" were identified. Octahedra show two different
topologies related to (OH) position, i.e., the cis- and the trans-orientation (Fig. 2.2).

The free corners (the tetrahedral apical oxygen atoms, O,) of all tetrahedra point
to the same side of the sheet and connect the tetrahedral and octahedral sheets to
form a common plane with octahedral anionic position O (O, = OH, F, Cl, O)
(Fig. 2.3). O, anions lie near to the centre of each tetrahedral 6-fold ring, but are
not shared with tetrahedra. The 1:1 layer structure consists of the repetition of one
tetrahedral and one octahedral sheet, while in the 2:1 layer structure one octahedral
sheet is sandwiched between two tetrahedral sheets (Fig. 2.3).

In the 1:1 layer structure, the unit cell includes six octahedral sites (i.e., four cis-
and two trans-oriented octahedral) and four tetrahedral sites. Six octahedral sites
and eight tetrahedral sites characterize the 2:1 layer unit cell. Structures with all the
six octahedral sites occupied are known as trioctahedral (Fig. 2.4a). If only four of
the six octahedra are occupied, the structure is referred to as dioctahedral (Fig. 2.4b).
The structural formula is often reported on the basis of the half unit-cell content, i.e.,
it is based on three octahedral sites.
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Fig. 2.1. (a) Tetrahedron [TO4]; (b) tetrahedral sheet. O, and Oy, refer to apical and basal
oxygen atoms, respectively. ¢ and b refer to unit-cell parameters.
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Fig. 2.2. (a) Oy (OH, F, Cl) orientation in cis-octahedron and trans-octahedron; (b) location
of cis- and trans-sites in the octahedral sheet. O, and Oy refer to apical and basal oxygen
atoms, respectively. a and b refer to unit cell parameters.

In the 1:1 or TM phyllosilicates (e.g., dioctahedral kaolinite and trioctahedral ser-
pentine) each layer is about 0.7 nm thick (Fig. 2.5a). One surface of the layer consists
entirely of oxygen atoms (Oy) belonging to the tetrahedral sheet, while the other surface
is composed of O, (mostly OH groups) from the octahedral sheet (Fig. 2.3). In the 2:1
or TMT layer the tetrahedral sheets are inverted and two-thirds of the octahedral
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1:1 layer

Fig. 2.3. Models of a 1:1 and 2:1 layer structure. O,, O, and O, refer to tetrahedral basal,
tetrahedral apical, and octahedral anionic position, respectively. M and T indicate the oc-
tahedral and tetrahedral cation, respectively.

Fig. 2.4. (a) trioctahedral sheet; (b) dioctahedral sheet. O, represents the apical oxygen atoms
shared with tetrahedra, and O, is the anionic site shared between adjacent octahedra. @ and b
are unit-cell parameters.

hydroxyl groups are replaced by tetrahedral apical oxygen atoms (Fig. 2.3). Both
surfaces of such a layer consist of tetrahedral basal oxygen atoms Oy. The periodicity
along the c-axis varies from 0.91-0.95nm in talc and pyrophyllite (Fig. 2.5b) to
1.40-1.45 nm in chlorite (Fig. 2.5¢). The higher values for chlorite are due to interlayer
occupancy. In talc, the interlayer space is empty, whereas in mica and illite (Fig. 2.5¢) it
is occupied by anhydrous alkaline and alkaline-earth cations (layer periodicity
~1.0nm). The interlayer space of smectite and vermiculite (Fig. 2.5d) contains alka-
line or alkaline-earth cations together with water molecules (layer periodicity is about
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Fig. 2.5. Different layer structures: (a) 1:1 layer (i.e., kaolinite- and serpentine-like layer); (b) 2:1 layer (i.e., pyrophillite- and talc-like
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smectite- and vermiculite-like layer); (e) 2:1 layer with octahedrally coordinated interlayer cations (i.e., chlorite-like layer).
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1.2nm when the interlayer position is occupied by cations with low-field strength and
water molecules, about 1.5nm when the interlayer is occupied by high-field strength
cations and water molecules, and more than 1.5nm when water molecules are ex-
changed by different polar molecules). On the contrary, in chlorite (Fig. 2.5¢) the
interlayer is occupied by a continuous octahedral sheet, thus showing a TMTM;,
sequence (where M;,, is the octahedral interlayer sheet).

The lateral dimension of the tetrahedral sheet is usually greater than that of the
octahedral sheet. The lateral misfit between the two sheets requires an adjustment
in one or both sheets, causing the layer structure to deviate from ideal hexagonal
symmetry. Layer distortion, following from the matching of tetrahedral and
octahedral lateral dimensions, usually follows three different mechanisms: (i) the ro-
tation of adjacent tetrahedral as evaluated by the angle « (i.e., the deviation from 120°
of each angle in the ring (Fig. 2.6a); (ii) the increase in thickness of the tetrahedral
sheet, thereby reducing the basal area of each tetrahedron as evaluated by the angle ©
(i.e., the deviation from 109°28" of O,—T-Oy, triads, Fig. 2.6b); and (iii) the tilting of
the tetrahedral basal oxygen plane as evaluated by the Az parameter (Fig. 2.6c). More
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Fig. 2.6. Individual tetrahedra and tetrahedral sheet adjustments in order to accommodate
the tetrahedral sheet to the octahedral sheet. (a) tetrahedral ring rotation, o parameter; (b)
tetrahedral flattening, t parameter; (c) tetrahedral tilting, Az parameter.
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details are provided by Brindley and Brown (1980), Bailey (1988a), de la Calle and
Suquet (1988), Evans and Guggenheim (1988), Giese (1988), Giiven (1988), Wicks
and O’Hanley (1988), Moore and Reynolds (1989), Brigatti and Guggenheim (2002).

2.2. LAYER CHARGE (X)

When the tetrahedral and octahedral sheets are joined in a layer, the resulting
structure can be either electrically neutral or negatively charged. Electrical neutrality
exists if (i) the octahedral sheet contains trivalent cations (R**) in two octahedral
sites (usually A’ and Fe’"), with a vacancy (OJ) in the third octahedron
[R3F(OH)g]; (i) divalent cations (R**, usually Fe", Mg?", Mn?") occupy all the
octahedral sites [R%*(OH)()]; and (iii) the tetrahedral sheet contains Si** in all tet-
rahedra. A negative layer charge arises from (i) substitution of AI*" for Si*" in
tetrahedral sites; (ii) substitution of AI>* or Mg?" for lower charge cations in oc-
tahedral sites, and (iii) the presence of vacancies. This charge variability is recognized
as one of the most important features of 2:1 phyllosilicates and micas, because it
induces occupancy of the interlayer space by exchangeable cations. In 2:1 phyllo-
silicates the (negative) layer charge ranges from 0.2 in montmorillonite and hectorite
to 2.0 in brittle micas, calculated on the basis of their structural formulae (i.e., half
unit-cell content). In 1:1 phyllosilicates the layer charge is usually close to zero.

2.3. POLYTYPISM

A compound is polytypic if it occurs in several different structural modifications
for which layers of identical structure and composition are stacked in different ways.
In a polytypic series the two-dimensional translations within the layers are (essen-
tially) preserved. The periodicity normal to the layers varies between polytypes ac-
cording to the number of layers involved in the stacking sequence. Thus, small
deviations from stoichiometry (up to 0.20 atoms per formula unit) within a same
polytypic series are admissible in the case of phyllosilicates. The theoretical prin-
ciples of polytypism have been reviewed by Baronnet (1978), Bailey (1988a), Takeda
and Ross (1995), Durovi¢ (1997, 1999), and Nespolo et al. (1997) and will not be
further discussed. Polytypism will only be mentioned when we describe relevant
features of clay mineral structures.

2.4. MIXED-LAYER STRUCTURES

Mixed-layer phyllosilicates or interstratified phyllosilicates can be built up by two or
more different components. Structures with more than two components are less com-
mon, possibly because it is difficult to recognize all the different layers. Interstratified
clay minerals can have (i) ordered or regular mixed-layer structures if different layers
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alternate along the ¢* direction in a periodic pattern (e.g., the stacking of generic type
A and type B layers can be ... ABABAB ... or ... AABAABAA ... or ... AAA-
ABAAAABAAAAB ... etc.) and (ii) disordered or irregular mixed-layer structures, if
the stacking along the ¢* direction of type A and B layers is random (e.g., ... AB-
BABAA ... or ... AAABABBAAAAABABA ...). Fig. 2.7 shows an example of in-
terstratification between 2:1 anhydrous layers with periodicity of about 1 nm and 2:1
hydrated layers with periodicity of about 1.4nm. Regular sequences are identified by
special names. For example, the name ‘rectorite’ is attributed to a regular interstrat-
ification of dioctahedral mica and dioctahedral smectite; ‘tosudite’ is a regular inter-
stratification of dioctahedral chlorite and dioctahedral smectite; ‘corrensite’ represents
a regular interstratification of trioctahedral vermiculite with trioctahedral chlorite;
‘aliettite’ is a regular interstratification of talc and trioctahedral smectite (saponite or
vermiculite) (Bailey, 1982). The criterion adopted by the AIPEA Nomenclature Com-
mittee to attribute special names to regular 1:1 interstratification is that the sequence
gives rational reflections. A test of rationality for the diffraction pattern is provided by
calculating the coefficient of variability (CV) applied to at least ten 00/ reflections

" (X, - X) Y
cv=100|y" 221
l; n—1) 1 X
where X; = I x dgopy and X = 37, X;/n) <0.75 (Bailey, 1982)
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Fig. 2.7. Regularly and randomly interstratified phyllosilicates. A and B are layers with
different periodicity along the ¢ direction.
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If a two-component type having different d(001) periodicity is randomly interstrat-
ified, the mineral is identified by using the name of the components such as illite—smec-
tite, illite—chlorite, illite—vermiculite, and kaolinite—smectite. In randomly stacked mixed
layer structures, layer sequence can be ‘completely different’. Examples are the irregular
stacking of (i) illite (1 nm) and smectite (1.4nm), (i) integral multiples of serpentine
(0.7nm) and chlorite (1.4nm), or (iii) layers with similar basal spacing but with differ-
ent local structure such as the random stacking of trams-vacant and cis-vacant illite
layers (Drits, 1997). A ‘completely different’ dgo;) distance is measured by X-ray
diffraction (XRD). The basal reflections d(00/) form a succession that does not cor-
respond to a series of rational and integral values of / indices. This deviation from the
Bragg rule arises from the random variation of the basal periodicity along ¢* and can
be a good criterion to identify the presence of irregular interstratified structures (Drits
and Tchoubar, 1990). When the interstratified material is made up from sequences of
different layers with the same thickness, or a thickness that is an integer multiple of the
other (e.g., chlorite—serpentine), the XRD pattern looks like that of a regular phase.

Recognition of the interstratified character of a sequence requires a precise anal-
ysis of the position intensity and of the profile width of basal reflections, in con-
junction with high-resolution transmission electron microscopy (HRTEM) (Moore
and Reynolds, 1989; Banfield and Bailey, 1996). Finally, the analysis of XRD pat-
terns can provide useful guidance even in the case of equal layer distance of the
component. For example, the sequence of cis- and trans-vacant sites in adjacent illite
layers, produces displacements along the a direction, yielding d(110) reflections that
violate the individual layer symmetry.

Useful references to the application of statistical methods to the interpretation
and prediction of interstratified mineral structures have been provided by Nadeau
et al. (1984, 1985), Reynolds (1988), Drits and Tchoubar (1990), Baronnet (1992),
Veblen (1992), and Drits (1997).

2.5. THE 1:1 LAYER
2.5.1. Dioctahedral 1:1 Minerals: The Kaolin Group

The clay minerals in the kaolin group consist of dioctahedral 1:1 layer structures
with a general composition of Al,Si,Os5(OH),. Kaolinite, dickite, and nacrite are
polytypes. The kaolinite stacking sequence consists of identical layers with an in-
terlayer shift of 2a/3. Dickite and nacrite have a two-layer stacking sequence where
the vacant site of the octahedral sheet alternates between two distinct sites (Brindley
and Brown, 1980). Halloysite is a hydrated polymorph of kaolinite with curved
layers and a basal spacing of 1 nm that decreases to about 0.7 nm on dehydration.
The composition of the kaolin group minerals is characterized by a predominance of
AP in octahedral sites, although some isomorphous substitution of Mg?", Fe* ™,
Ti**, and V3" for A’" can occur.
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A. Kaolinite

Pauling (1930) was the first to outline the crystal structure of kaolinite using models
based on idealized polyhedra. Gruner (1932b) reported the first structural interpre-
tation of the kaolinite powder XRD pattern. He indicated that the mineral belonged
to the monoclinic Cc symmetry with d(001) = 1.43 nm, corresponding to a two-layer
structure. This was subsequently confirmed by Hendricks (1938b). Brindley and
Robinson (1945, 1946) found that many reflections in the powder pattern could not
be indexed correctly on the basis of a monoclinic structure, and suggested a lowering
of layer symmetry to the triclinic C1. This symmetry is consistent with a 1:1 layer
structure built up by stacking of identical layers with a translation of —a/3. Kaolinite,
dickite, and nacrite consist of sequences with different position of octahedral va-
cancies in adjacent layers. Bailey (1963) has demonstrated that both kaolinite and
dickite have a 1M stacking sequence of layers. Octahedral site vacancies alternate in
dickite, whereas in kaolinite the location of the vacancy is the same in adjacent layers.
Three polytypes, all based on a 1 M structure, are found for 1:1 dioctahedral phyllo-
silicates. The 1 M structure presents three possible locations for the vacant octahedral
site, commonly referred as A, B, or C site vacancy (Adams, 1983; Thompson and
Withers, 1987; Bish and Von Dreele, 1989; Bukin et al., 1989; Smrcok et al., 1990;
Bish, 1993). The structure is chiral if the vacant site is B or C, and achiral if the
vacant site is A. All naturally occurring kaolinites are chiral (Fig. 2.8).

Hobbs et al. (1997) have modelled the kaolinite structure by an all-atom ab initio
energy minimization method. Their results confirm the space group C1, and predict
significantly different Si—O bond lengths for the basal and apical tetrahedral oxygen
atoms. A low-temperature neutron powder diffraction study by Bish (1993) indicates
that low temperatures influence the interlayer separation but has little effect on tet-
rahedral and octahedral parameters. The structure refinement, derived by Neder et al.
(1999) from single-crystal synchrotron data, confirms the C1 symmetry and provides

kaolinite dickite

Fig. 2.8. Projection on the (001) plane of the octahedral sites in kaolinite and dickite showing
the possible placement of the vacant octahedral site (open circles). Closed circles represent
APP™ octahedra. Modified after Bailey (1963).
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the following unit-cell parameters: a = 0.5154(9)nm, b = 0.8942(4)nm, ¢ = 0.7401
(10)nm, o = 91.69(9)°, p = 104.61(5)°, and y = 89.82(4)°. Except for the slight differ-
ence in f-angle, these values are very similar to those obtained by Bish and Von
Dreele (1989), using X-ray and neutron powder diffraction, i.e., @ = 0.5156(1) nm,
b = 0.89446(2) nm, ¢ = 0.740485(2)nm, o = 91.697(2)°, f = 104.862(2)°, and y =
89.823(2)°. The refinement indicates that tetrahedra are significantly distorted with
the Si—O, bond shorter by 0.0013 nm than the average Si—O bond distances. On the
other hand, the octahedral Al-O, bonds are significantly longer than the AI-O, (i.e.,
Al-OH) bonds.

The interlayer OH vectors associated with H-bonding are nearly normal to (001),
forming three interlayer hydrogen bonds as shown in Fig. 2.9. Previous studies
generally agreed on the position of the Si, Al, and O atoms. However, some un-
certainties remain as to the position of the OH groups. The kaolinite layer is es-
sentially neutral and any two contiguous layers are linked through —Al-O-H - O-Si—
hydrogen bonding. The primitive unit cell contains four crystallographically distinct
O-H groups. Three of them (labelled OH,, OH;, OH,) are located at the inner
surface and one (labelled OH,) is inside the layer as shown in Fig. 2.9a. These
hydroxyl groups form strong hydrogen bonds if they are oriented nearly perpen-
dicular to the layer but are not involved in H-bonding if they are parallel to the layer
(Fig. 2.9). The extensive research into OH group orientation has been reviewed by
Giese (1988). The crystal structure refinement of a deuterated kaolinite (Akiba et al.,
1997) confirms that the three inner OD vectors point toward the tetrahedral sheet,
and form H-bonding with basal oxygen atoms of the adjacent kaolinite layer. One of
these three, however, differs from the other two in bond angle, thus, suggesting a
different orientation of the bond. Benco et al. (2001a—c) have explained interlayer

surface

Fig. 2.9. Different OH orientations on the octahedral surface of kaolinite. Modified after
(Benco et al., 2001a).
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H-bonding in kaolinite by ab initio molecular dynamic simulations of a hypothetical
isolated layer. They identify four distinct OH groups, two of which (OH; and OHy,)
form weak H bonds with O—-H O distances between 0.18 and 0.26 nm, while the
other two (OH; and OH,) do not participate in H bonding (Fig. 2.9b).

The poor structural order commonly observed in kaolin minerals may be explained
in terms of a series of stacking faults or defects in the ab plane and along the c-axis.
This feature accounts for the well-known tendency of kaolin minerals to form a wide
variety of ordered and disordered polytypes as well as twins (Dornberger-Schiff and
Durovi¢, 1975; Plancon et al., 1989; Zvyagin and Drits, 1996). The diffraction patterns
of ordered kaolinite are significantly different from those of disordered kaolinite.
Ordered kaolinite shows sharp and narrow peaks, while its disordered counterpart
gives less well-defined, broad, and asymmetrical peaks. The hk/ reflections with k = 3n
(where n is an integer) are generally less affected than those with k#3n (Brindley and
Robinson, 1946; Murray, 1954). In extreme cases, peaks lose their identity and merge
to form a two-dimensional modulated band of diffracted intensity.

Structural order/disorder in kaolinite can be assessed by different tests. The
most widely used (Fig. 2.10) are those based on changes in two groups of XRD
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Fig. 2.10. XRD-based methods for assessing the degree of structural order in kaolinite. The
26 values refer to CuKo radiation.
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reflections: (i) the 02/ and 11/ sequences (20-23° 20 using Cu Ko) that are sensitive to
arbitrary and special interlayer displacements (such as b/3) and (ii) the 13/ and 20/
sequences (35—40° 20 using Cu Ku) that are affected by arbitrary displacements
(Cases et al., 1982). Some of these tests are (i) the Hinckley index (HI) (Hinckley,
1963) and Range—Weiss index (QF) (Range and Weiss, 1969); (ii) the Stoch index
(IK) (Stoch, 1974), measured in the same zone as the previous two indices but is less
sensitive to the presence of quartz; and (iii) the Liétard index (R2) (Liétard, 1977)
that is sensitive to the presence of arbitrary defects only (Cases et al., 1982). Aparicio
and Galan (1999) have investigated the influence of mineral and amorphous phases,
associated with kaolin and kaolinitic rock, on kaolinite order—disorder measure-
ments by XRD. Both the Hinckley and Range—Weiss indices appear to be influenced
by quartz, feldspar, iron gels, illite, smectite, and halloysite. On the other hand, the
Stoch index can be used in the presence of quartz, feldspar, iron, and silica gels, while
the Liétard index is not affected by phases other than halloysite. As a result,
Aparicio et al. (1999) have proposed the Aparicio-Galan—Ferrell index. Derived
from the intensity of reflections in the 02/ and 11/ sequence, and obtained by pattern
fitting, this index is less influenced by peak overlap (Aparicio et al., 2001).

On the other hand, Plangon and Zacharie (1990) have proposed ‘an expert system’
that runs on a compatible PC and describes the structural defects of kaolinite based
on direct measurements of the diffraction pattern. The results of this system are
acceptably consistent with the theoretical and experimental diffractograms for ka-
olinite. The expert system describes kaolinite defects and provides a global abun-
dance of translation defects, but cannot distinguish between the ¢, translation
(roughly #,—b/3) and the ¢, translation (roughly ¢, + b/3). It gives the number of
different phases in the sample (1 or 2 phases). For bi-phase samples, it establishes
the percentage of low-defect or well-crystallized phases (%wp). In the case of
single-phase samples, it fixes the amount of the C layers (W), the variation of
interlayer translations about the mean values (J), the proportion of translation de-
fects (p), and the mean number of layers (M).

Aparicio and Galan (1999) have suggested that the expert system of Plangon and
Zacharie (1990) is the best method for determining the degree of order—disorder in
kaolinite, although it is highly affected by the presence of other phases, particularly
when more than 25% of well-crystallized kaolinite is present. However, the system
can be used with single-phase kaolinite (disordered kaolinite), which is not affected
by the presence of phases other than halloysite, thus seemingly increasing the
amount of translation defects. In any case, the expert system should not be used with
kaolinite of medium order—disorder because the well-ordered phase is present in a
low amount (< 10%).

B. Dickite

Gruner (1932a) was the first to propose a structural refinement for dickite (general
formula Al,Si,0O5(OH)4). Subsequent refinements were proposed by Hendricks
(1938b), Newnham and Brindley (1956), and Newnham (1960). On the basis of these
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refinements, the crystal structure of dickite belongs to the monoclinic space group Cc
with the vacant cavity alternating in adjacent layers between B and C sites (Fig. 2.8).
Symmetry requirements (site A of Fig. 2.8) are met by placing the vacant cavity at
the trans-site (Bailey, 1963). The cell parameters are as follows: a = 0.5138(1) nm,
b =0.8918(2) nm, ¢ = 1.4389(2) nm, § = 96.74(2)° (Joswig and Drits, 1986). As with
kaolinite, the vector orientation of inner and outer OH groups, and the strength of
interlayer H-bonding, have attracted much attention (Giese and Datta, 1973; Adams
and Hewat, 1981; Rozhdestvenskaya et al., 1982; Sen Gupta et al., 1984; Joswig and
Drits, 1986; Giese, 1988; Bukin et al., 1989; Johnston et al., 1990).

Using polarized single-crystal Fourier-transform infrared microscopy, Johnston
et al. (1990) have deduced that the angle between the inner OH; vector and the b-axis
is 47°, while the inner-surface OH-group vectors are oriented at different angles with
respect to the b-axis (OH3; = 22°; OH, and OH4 = 45°). Benco et al. (2001a—) have
assessed the orientation of OH vectors using ab initio molecular dynamics and total
energy calculations. They suggest that the inner hydroxyl and one inner-surface
hydroxyl are horizontally oriented, while the other two hydroxyls are involved in
interlayer bonding. Bish and Johnston (1993) have provided a low-temperature
structural refinement for dickite. The structure is the same as that deduced previ-
ously from room temperature measurments, except for the orientation of OH vec-
tors. In particular, the inner hydroxyl group is almost parallel to (001), inclined by
1.3° towards the tetrahedral sheet. The internuclear O-Hj3 O distance increases as
well as the AI-OH—Al. The two-dimensional crystal structure refinement at 535°C
suggests that the OH groups on the surface are completely removed.

C. Nacrite

The first crystal structure refinement of nacrite was reported by Hendricks (1939)
who suggested the space group Cc. The structure is made up by stacking six layers,
closely approaching rhombohedral symmetry with a pseudo-space group R3c.
Blount et al. (1969) have confirmed that the ideal structure of nacrite is based on a
6R stacking sequence of kaolinite layers (TM layers), in which each successive layer
is shifted relative to the layer below by —1/3 of the 0.89 nm lateral repeat direction.
This direction is referred to as x in nacrite, contrary to the usual convention for layer
silicates, because of the positioning of the (010) symmetry planes normal to the
0.51 nm repeat direction. Alternate layers are also rotated by 180°. The pattern of
vacant octahedral sites reduces the symmetry to Cc and permits description of the
structure as a two-layer form with an inclined z-axis. Adjacent tetrahedra are twisted
by 7.3° in opposite directions so that the basal oxygen atoms are nearer to both the
AP cations in the same layer and the surface hydroxyls of the layer below. In-
terlocking corrugations in the oxygen and hydroxyl surfaces of adjacent layers run
alternately parallel to the [110] and [l IO] axes in the adjacent layers. The upper and
lower O—Al-O groups in each Al octahedron are rotated by 5.4° and 7.0° in opposite
directions resulting in the shortening of shared edges. Nacrite has a greater interlayer
separation and smaller lateral dimensions than dickite and kaolinite, and the
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observed f-angle deviates by 11-12° from the ideal value. These features, and the
overall lower stability, of nacrite are ascribed to the less-favourable positioning of
the basal Oy, atoms relative to the directed interlayer H-bonds. The nacrite crystal
structure, refined by Zvyagin et al. (1972, 1979) using high-voltage electron diffrac-
tion (ED), is very similar to that proposed by Blount et al. (1969). However, the tet-
rahedral rotation angle in the structure of Zvyagin et al. (1972, 1979) is smaller.
Zheng and Bailey (1994) have confirmed the crystal structure reported by
Blount et al. (1969), giving the following unit-cell parameters: a = 0.8906(2) nm,
b =0.5146(1)nm, ¢ = 1.5664(3) nm, and f = 113.58(3)°. The location of hydrogen
atoms is deduced from different electron density maps. The inner OH; vector points
exactly towards the vacant octahedron and is depressed by —18.6° away from the
level of the octahedral cations. All three surface OH groups have OH vectors at
50-66° to (001), although OH, may not participate in interlayer hydrogen bonding.
All three interlayer OH—OH contacts (between 0.294 and 0312 nm) are bent at angles
between 132 and 141°.

Ben Haj Amara et al. (1997, 1998) have described the structure of hydrated and
dehydrated nacrite. The hydrated form is characterized by a basal distance of
0.842nm, containing one water molecule per Si,Al,Os5(OH); in the interlayer
space. The interlayer water molecule is placed above the vacant octahedral site of the
layer and is embedded in the ditrigonal cavity of the tetrahedral sheet of the upper
layer.

D. Halloysite

Halloysite may be regarded as a hydrated kaolinite phase. Hofmann et al. (1934)
showed by XRD that water was present in the interlayer space, giving a general
formula of Si,Al,O5(OH)4 x 2H,0. As hydrated halloysite has a layer periodicity
(basal spacing) close to 1 nm (10 A) (Brindley and Robinson, 1948), it is often de-
noted as ‘halloysite-(10 A)’. The interlayer water in halloysite can be easily removed.
The resultant dehydrated form with a basal spacing close to 0.72nm (7.2 A) is re-
ferred to as ‘halloysite-(7 A)’ although the name ‘metahallysite’ is sometimes used.
The particles of halloysite can adopt different morphologies, such as spheres, tubes,
plates, and laths (e.g., Churchman and Theng, 1984). More often than not, the long
tubular forms are relatively well crystallized. In most cases the direction of particle
orientation coincides with the b-axis (Zvyagin et al., 1966).

The interlayer water in halloysite can be irreversibly removed by heating (Zvyagin
et al., 1966). Costanzo and Giese (1985) have suggested a continuous sequence of
hydration states, ranging from fully hydrated through partially hydrated to dehy-
drated halloysite. Costanzo et al. (1984) have identified two types of interlayer H,O:
(1) ‘hole’ H,O located in the ditrigonal cavities of the tetrahedral sheet and (ii)
‘associated’ H,O forming a discontinuous layer of mobile molecules. The 0.84 and
0.86nm hydrates have only ‘hole’ H,O, whereas the 1 nm hydrates and natural
halloysite contain both ‘hole’ and ‘associated” H,O. Hole water is H-bonded to the
basal oxygen atoms of the tetrahedral sheet. Associated water forms intermolecular
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H-bonds approximately equal in strength to that in liquid water, and is less strongly
bonded to the clay surface than hole water.

The dehydration of halloysite has been discussed by Bhattacherjee (1973) and
Mizuki et al. (1985) who indicated dehydration at 70-100 °C and collapse of the
structure at approximately 400 °C. Okada and Ossaka (1983) suggested that the
halloysite layer periodicity changed coherently from 1 to 0.7 nm and that dehydra-
tion progressed perpendicular to the layers of each particle.

Kohyama et al. (1978) have determined the unit-cell parameters for 1 nm- and
0.7 nm-halloysites, both of which have a two-layer structure in the space group Cc
with unit-cell parameters ¢ = 0.514(4)nm, b = 0.890(4)nm, ¢ = 2.07(1)nm, f =
99.7° and a = 0.514(4)nm, b = 0.890(4)nm, ¢ =1.49(1)nm, S = 101.9°. Bayliss
(1989) has refined the halloysite unit-cell parameters in the hexagonal system.

E. Hisingerite

Hisingerite, first described in 1810, has been variously regarded as a non-crystalline
silicate, a ferric allophane, a ferric halloysite, and a poorly crystallized nontronite.
On the basis of TEM data, Frost et al. (1997) and Eggleton and Tilley (1998) have
interpreted hisingerite to be the iron analogue of spherical halloysite.

2.5.2. Trioctahedral 1:1 Minerals: The Serpentine Group

The trioctahedral 1:1 layer silicates have been investigated by many authors (e.g.,
Wicks and O’Hanley, 1988) using well-crystallized phases similar to those found in
the clay fraction of soils and sediments.

Lizardite, antigorite, and chrysotile are Mg-rich 1:1 trioctahedral layer minerals
with an ideal composition of Mg;Si,Os5(OH)4. Although chemically simple, they are
structurally complex. Lizardite has an ideal layer topology, whereas antigorite is
modulated and chrysotile is bent (Wicks and Whittaker, 1975; Wicks and O’Hanley,
1988; Veblen and Wylie, 1993).

These structural differences are recognized by the AIPEA Nomenclature Com-
mittee (Martin et al., 1991). Like lizardite, the trioctahedral 1:1 minerals berthierine,
amesite, cronstedtite, nepouite, kellyite, fraipontite, and brindleyite have been clas-
sified as serpentine minerals with a planar structure. Other minerals, traditionally
referred to as serpentine, show a modulated layer structure. They are subdivided into
minerals with tetrahedral sheet strips such as antigorite and bementite, or with
tetrahedral sheet islands such as greenalite, caryopilite, pyrosmalite, man-
ganpyrosmalite, ferropyrosmalite, friedelite, mcgillite, schallerite, and nelenite.

Suitable crystals of Mg-rich serpentine minerals for high-quality three-dimen-
sional structural studies were not available until 1980. Since then, however, Mellini
and co-workers (Mellini, 1982; Mellini and Zanazzi, 1989; Mellini and Viti, 1994)
have performed a structural study on two polytypes of lizardite: 17 and 2H; in the
space group P31m, whereas 2H; polytype structure belongs to the space group
P63 cm (Mellini and Zanazzi, 1987). Brigatti et al. (1997) examined the 2H, form of



34 Chapter 2: Structures and Mineralogy of Clay Minerals

lizardite in the space group C2/c. The effect of pressure on the structure of 17
lizardite has been determined by Mellini and Zanazzi (1989). Guggenheim and Zhan
(1998) reported a high-temperature study on both 17 and 2H, lizardite crystals. The
overall structure of lizardite consists of two submodules: the 1:1 layer itself and the
empty space where two adjacent 1:1 layers meet through interfacing hexagonally
close-packed oxygen atoms. The internal dimension of 1:1 layer shows only minor
changes after chemical substitutions, increasing pressure or temperature. On the
contrary, the interlayer thickness varies significantly with composition (Chernoski,
1975) or when the pressure increases (Mellini and Zanazzi, 1989). As the interlayer
thickness decreases, the ditrigonalization of the tetrahedral sheet increases either in a
positive or in a negative way. In the 17 polytype the ditrigonal ring distortion
changes from —1.5° to approximately 0° when the temperature changes from 20 to
480 °C. In the 2H; polytype this structural parameter changes from 1.8° to 1.3° at
300 °C and remains unchanged up to 475 °C. For the 2H; polytype the O—O distance
in the interlayer O—H O bond increases linearly from 0.308 to 0.315nm as the
temperature increases from 20 to 475 °C. On the contrary, for the 17 polytype this
distance remains nearly constant up to 360 °C. Above this temperature the O-O
distance increases slightly. Thus, the 2H; polytype appears to have weaker hydrogen
bonding than the 17T polytype (Guggenheim and Zhan, 1998).

Antigorite is characterized by a large superstructure along the [100] direction. On
the basis of X-ray and optical diffraction, Zussman (1954) has suggested that the su-
perstructure is a result of a repeating wave structure. The structure has been sub-
sequently studied by Kunze (1956, 1958, 1959), who identified the super-cell unit as
‘A’ and the sub-cell unit as ‘@’. Aruja (1945) derived a value of about 0.455 nm for the
A parameter. Uehara and Shirozu (1985) defined the superstructure in terms of the
number (M) of sub-cells (@ = 0.544 nm) along the x-axis, with M = 4/a. They also
suggested that samples of antigorite might be classified into three structural types. In
the first type M = n (where n is an integer); in the second type M = (2n+1)/2; and in
the third type M is different from n/2. The first type contains an odd number of
tetrahedra () and an even number of octahedra (n— 1) in the superstructure period 4
(space group Pm). The structure of the second type derives from that of the first type
but is different from the structure proposed by Kunze (1959), where M is an even
number in the space group P2/m. The model based on M = (2n+ 1)/2 is obtained by
shifting Kunze’s model at each wave limit along the y direction by b/2 (resulting in
lattice C-centered). The model contains an even number of tetrahedra (m) and an
odd number of octahedra (m—1). The third structure, with M different from n/2, is a
mixture of the two structures described above in coherent domains. This structure is
commonly found in poorly crystallized disordered materials (Uehara, 1987).

Difficulties in studying single crystals of chrysotile can be related to fibre inter-
growth, polygonalization of the layer, polytype intergrowth, and crystal bending.

Amesite with an ideal composition of (Mg,Al)(SiAl)Os(OH),4 can have an ordered
or disordered cation distribution in the 1:1 layer. Thus, differences in both polytypic
arrangements and ordering patterns inside the same polytype can occur. Four
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regular polytypes (2H,, 2H,, 6R|, and 6R,) as well as random stacking polytypes
have been determined (Steinfink and Brunton, 1956; Hall and Bailey, 1976; And-
erson and Bailey, 1981; Wiewiora et al., 1991; Zheng and Bailey, 1997). Since cations
of different size and charge occur both in tetrahedral and octahedral sites, there is a
very strong tendency for ordering. All amesites are therefore presumed to be or-
dered. As a result, the hexagonal or rhombohedral symmetry of the ideal polytypes is
reduced to triclinic symmetry with complete cation disorder, and the f§ unit-cell angle
deviates slightly from 90° (90.2<£<90.3°).

Carlosturanite, an octahedrally modulated structure (Compagnoni et al., 1985),
has the general formula of M,;[T;,0,3(OH)4](OH);37 x H,O where M is predom-
inantly Mg> " with small amounts of Fe®> ", Mn®*, Ti*", Cr’*, and Tis Si* ", A’ ".
The unit-cell parameters are ¢ = 1.670nm, b = 0.941 nm, ¢ = 0.7291 nm, = 101.1°,
and the space group is Cm. The model structure consists of a continuous planar
octahedral sheet and a discontinuous ‘tetrahedral sheet’. The latter is modified to
strips, six tetrahedra in width, running parallel to the b-axis.

Greenalite is a 1:1 structure having the tetrahedral sheet completely occupied by
Si*", and the octahedral sheet mostly occupied by Fe?", with a significant substi-
tution of Mg>" for Fe’* (Floran and Papike, 1975). The greenalite structure has
been investigated by Guggenheim et al. (1982) using ED, HRTEM, and optical
imaging techniques. They have suggested that the tetrahedral sheet is made up of
‘islands’ of six-member tetrahedral rings, with four and three-members ring at the
island borders. More detailed information on greenalite can be found in the review
by Guggenheim and Eggleton (1998).

2.6. THE 2:1 LAYER

The layer of 2:1 phyllosilicates consists of an octahedral sheet sandwiched be-
tween two opposing tetrahedral sheets. In pyrophyllite (dioctahedral) and talc
(trioctahedral), the layer is electrically neutral. In the other 2:1 phyllosilicates (e.g.,
smectite, vermiculite, mica, chlorite), the layer is usually negatively charged. The
magnitude of the layer charge (X) measures the deviation of charge from neutrality.
For true micas X is close to —1, while for brittle micas it is approximately equal to
—2; in both cases the space between two adjacent layers is occupied by anhydrous
cations. Illite is a micaceous clay mineral that occurs widely in soils and sediments. A
fractional value for layer charge and the presence of hydrated cations in the inter-
layer space characterize the most common 2:1 clay minerals, such as smectites and
vermiculites. In smectites, the negative charge per half-unit-cell ranges from 0.2 to
0.6, while in vermiculites this value is between 0.6 and 0.9. In chlorite, the negative
layer charge is neutralized by the presence of a positively charged octahedral sheet in
the interlayer space. Most chlorites are trioctahedral; dioctahedral chlorites, and
intermediate forms with alternating dioctahedral and trioctahedral sheets, are rare.
As in 1:1 phyllosilicates, the 2:1 layer structure can be non-planar. For example,
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minnesotaite (traditionally considered as a variety of talc) has a modulated structure
with tetrahedral strips. Other 2:1 layer silicates, such as sepiolite, palygorskite, and
loughlinite also show a modulated structure but the strips are made up of octahedral
sheets (Martin et al., 1991).

2.6.1. Pyrophyllite, Talc, and Related Minerals

The ideal layer structure of pyrophyllite (dioctahedral) and talc (trioctahedral) is
electrically neutral, and hence no charge-balancing cation is present in the interlayer
space. Contiguous layers are held together by van der Waals interactions. This
affects both the mechanical properties of the minerals and the quality of crystals for
structural investigation.

Pyrophyllite with an ideal structural formula of Al,Si4O19(OH),, is not known to
vary greatly in composition. Only limited substitution of AI** for Si** and minor
amounts of Fe’ ', Fe* ", Mg?*, and Ti*" have so far been found. Although struc-
tural investigations of this mineral are complicated by its small size and irregular
layer stacking, polytypism in pyrophyllite has been identified by several authors
(Zvyagin et al., 1968; Shitov and Zvyagin, 1972; Evans and Guggenheim, 1988).
There are two dominant polytypes, a two-layer monoclinic (2M), and a one-layer
triclinic (17¢). Investigations into the pyrophyllite structure date back to Gruner
(1934), Hendricks (1938a). Rayner and Brown (1966) have proposed the space group
C2/c and Cc with @ = 0.517nm, b = 0.892nm, ¢ = 1.866 nm, § = 99.8° as unit-cell
parameters. Brindley and Wardle (1970) determined the XRD powder patterns of
pyrophyllite samples from different localities, and showed the existence of both one-
layer triclinic and two-layer monoclinic forms. Some samples were mixtures of the
two forms, while others were so disordered, either naturally or by mesh grinding,
that differentiation was not possible. The powder pattern of the best-crystallized
sample gave the following parameters: a=0.5173nm, b = 0.8960nm,
¢=0.9360nm, o=091.2° f[=1004°, y=90° for the triclinic form; and
a=0.5172nm, b = 0.8958 nm, ¢ = 1.867nm, f = 100.0° for the monoclinic form.
The corresponding anhydrous phases gave the following parameters: ¢ = 0.5140 nm,
b=0.9116nm, ¢ = 0.9504nm, o = 91.2°, f = 100.2°, y = 90° for the triclinic form,
and @ =0.5173nm, b =0.9114nm, ¢ = 1.899nm, f = 100.0° for the monoclinic
form. The expansion of the b parameter was attributed to a relaxation of the twisted
Si-O network. After dehydroxylation, the AI* " ion coordination appeared to change
only slightly, possibly causing the structures to be constrained in the a direction
(Wardle and Brindley, 1972).

The first three-dimensional crystal structure refinement of pyrophyllite (polytype
1Te, space group symmetry C1) has been carried out by Lee and Guggenheim (1981).
The mean tetrahedral cation-oxygen bond length (0.1618 nm) is consistent with the
lack of significant A’ for Si*" substitutions. Similarly, the octahedral cation-ox-
ygen distance (0.1912 nm) indicates a nearly complete Al occupancy. The OH vector
points away from the (001) plane and forms an angle of about 26° (Giese, 1973). This
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value is much higher than that commonly found for muscovite containing K in the
interlayer space. This feature is explained in terms of the sole contribution of AI*™*
cations to the attainment of a theoretical equilibrium position. Molecular dynamic
modelling by Teppen et al. (1997) gives results that are in good agreement with
experimentally derived values, although the OH vector is predicted to be less inclined
than what is observed. Since van der Waals interactions are primarily involved in
keeping adjacent 2:1 layers together, interlayer cohesion is weak.

Isomorphous substitution in pyrophyllite has been suggested by Kodama (1959).
A pale blue sample containing V>'(44—190ppm), Cr’"(30—80ppm),
Sn* " (20—50 ppm), Ni*", Co?>", Pb>*, and Ga® " shows the following unit-cell pa-
rameters: ¢ = 0.517nm, b = 0.895nm, ¢ = 1.864 nm, = 99.8°.

Substitution in the octahedral sheet of pyrophyllite has also been indicated by
theoretical ab initio calculations. Mg> " for A’ substitutions tend to be distributed
in the octahedral sheet, whereas Fe®™ for AI’" substitutions tends to be clustered
(Sainz-Diaz et al., 2002).

Even if pyrophyllite is characterized by the near absence of layer charge, the
mineral can react with heavy metals in solution. For instance, Scheidegger et al.
(1997) found that pyrophyllite can adsorb Ni** from aqueous solution using X-ray
absorption fine structure (XAFS). Their data suggest the formation of multinuclear
Ni?" complexes after a reaction time of few minutes. The size of these complexes
increases with time. Ni—Ni bond distances (0.299-0.303 nm) are similar to those in
mixed Ni—Al hydroxides, but distinctively shorter than in Ni(OH),.

The thermal transformation of pyrophyllite, analysed by different techniques
(*’Al and ?Si MAS-NMR, thermal analysis DTA-TG, dilatometry, and XRD),
suggests that dehydroxylation occurs above 800 °C. The >’Al NMR obtained on the
mineral after heating at 800 °C suggests the occurrence of Al in a distorted five-fold
coordination. At 1000 °C, the tetrahedral sheet breaks down and a partial segrega-
tion of amorphous SiO, occurs. This process is consistent with the rearrangement of
aluminium ions, favouring the formation of small disordered nuclei of mullite and
cristobalite. The formation of [AlOs] polyhedra during pyrophyllite dehydroxylation
has also been detected by Klevtsov et al. (1987).

Recently, the structure of brinrobertsite, an ordered, mixed-layered, dioctahedral
pyrophyllite—smectite, has been modelled from TEM data. TEM images show
sequences of dominant 2.4nm periodicity, produced by 2:1 layers with alternate
pyrophyllite-like (low-charge) and smectite-like (high-charge) interlayers.

The chemical composition of talc-like minerals does not usually differ signifi-
cantly from that of the end-member (Mg3Si40,9(OH),), even if limited substitution
of AP or Fe* " for Mg?>™" occurs. Charge balance is usually achieved by tetrahedral
IVIAP* for UVISi*" substitutions and/or by insertion of vacancies in octahedral
position. Talc-like minerals are kerolite (hydrated variety), minnesotaite (Fe-rich
variety), and willemseite (Ni-rich variety). Different polytypic sequences have been
derived by Weiss and Durovi¢ (1984) who found ten non-equivalent polytypes but
only seven of these may actually be distinguished by XRD.
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2.6.2. True and Brittle Micas

Brigatti and Guggenheim (2002) have discussed the structural and chemical features
of more than 200 mica crystals. Most of these are true micas, belonging to the 1M,
2My, 3T, 2M>, and 20 polytypes. The dominant polytype in trioctahedral true micas
is 1M, whereas in dioctahedral micas, the most common stacking sequence is 2 M.
The structure refinements of brittle micas confirm that the 1 M polytype is generally
trioctahedral whereas the 2M; polytype is dioctahedral. The 20 structure has been
found for the trioctahedral brittle mica anandite (Giuseppetti and Tadini, 1972; Filut
et al., 1985) and recently for a phlogopite from the Kola Peninsula (Ferraris et al.,
2000).

In some naturally occurring true micas, Si* " nearly fills all of the tetrahedral sites
(e.g., polylithionite, tainiolite, norrishite, and celadonite), whereas in the most com-
mon mica species (muscovite and phlogopite) AI’* substitutes for Si** in a ratio
close to 1:3. In some true micas and brittle micas, the A" for Si*" substitution
corresponds to a ratio of ALl:Si = 1:1 (e.g., ephesite, preiswerkite, siderophyllite,
margarite, and kinoshitalite) whereas the trioctahedral brittle mica, clintonite, has an
unusually high A" content with a ratio of Al:Si = 3:1 (Bailey, 1984a—c). Evidence
of Fe’ " tetrahedral substitution was reported on the basis of optical observations
(Farmer and Boettcher, 1981; Neal and Taylor, 1989), spectroscopisc studies (Dyar,
1990; Rancourt et al., 1992; Cruciani et al., 1995), and crystal-structure refinements
(Guggenheim and Kato, 1984; Joswig et al., 1986; Cruciani and Zanazzi, 1994;
Medici, 1996; Brigatti et al., 1996a; Brigatti et al., 1999). In tetra-ferriphlogopite,
tetra-ferri-annite, and anandite Fe®" is the only Si*"-substituting cation, with a
Fe:Si ratio of about 1:3 (Giuseppetti and Tadini, 1972; Semenova et al., 1977; Hazen
et al., 1981; Filut et al., 1985; Brigatti et al., 1996a, b; Mellini et al., 1996; Brigatti
et al., 1999). Two mica end-members contain boron (boromuscovite) (Liang et al.,
1995) and berillium (bityite) (Lin and Guggenheim, 1983), and some synthetic micas
contain Ge in the tetrahedral sheet (Toraya et al., 1978a, b; Toraya and Marumo,
1981). Most mica structures show a disordered distribution of tetrahedral cations,
with the exception of some brittle mica species, such as margarite (Guggenheim and
Bailey, 1975, 1978; Kassner et al., 1993), anandite (Giuseppetti and Tadini, 1972;
Filut et al., 1985), bityite (Lin and Guggenheim, 1983), and a few true micas, e.g.,
polylithionite-3T (Brown, 1978) and muscovite-3T (Gtliven and Burnham, 1967).

As already mentioned, the dimensions of an ideal octahedral sheet in the (001)
plane are commonly less than those of an ideal and unconstrained tetrahedral sheet.
In order to obtain congruence, the difference in size between the octahedral and
tetrahedral sheets is adjusted by mechanisms involving both sheets (Mathieson
and Walker, 1954; Newnham and Brindley, 1956; Zvyagin, 1957; Bradley, 1959;
Radoslovich, 1961; Radoslovich and Norrish, 1962; Brown and Bailey, 1963; Don-
nay et al., 1964; Lee and Guggenheim, 1981; Bailey, 1984b).

Three translationally independent octahedral cation sites characterize the 2:1 layer.
One site, called M(1), is trans-coordinated by OH (or F and/or Cl, but rarely by S).
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Both the remaining two sites are cis-coordinated and are referred to as M(2) if a
relevant symmetry plane exists in the layer. Otherwise, the two cis-sites are labelled
M(2) and M(3), respectively. In dioctahedral micas, M(1) is usually vacant, whereas in
trioctahedral micas all three octahedral sites are occupied. The cation distribution in
octahedral sites may be summarized as (i) all octahedra are occupied by the same kind
of ‘crystallographic entity’, i.e., the same kind of ion or a statistical average of differ-
ent kinds of ions, including voids (homo-octahedral micas; Durovi¢ (1981, 1994)); (ii)
two octahedra are occupied by the same kind of ‘crystallographic entity’ and the third
by a different entity in an ordered way (meso-octahedral micas); or (iii) each of the
three sites is occupied by a different ‘crystallographic entity’ in an ordered way (he-
tero-octahedral micas). Several phlogopite and tetra-ferriphlogopite crystals (space
group C2/m) show the same kind of cations (or a disordered cation distribution) in
M(1) and M(2) octahedra. Some Li-rich micas (space group C2) have different cation
ordering in M(1), M(2), and M(3) sites, e.g., zinnwaldite-1 M (Guggenheim and Bailey,
1977), lepidolite-1 M (Backhaus, 1983), zinnwaldite-2M1 (Rieder et al., 1998), ferroan
polylithionite-1M, and lithian siderophyllite-1M (Brigatti et al., 2000).

A. llite

A recent review on illite has been provided by Brigatti and Guggenheim (2002). Illite
is a dioctahedral 2:1 phyllosilicate of common occurrence in soils and sedimentary
rocks. The term ‘illite’ is used for 2:1 minerals with a non-expandable layer and a
wide variety of chemical compositions. For this reason, Rieder et al. (1998) have
suggested that ‘illite’ be used as a series name. The composition of illite differs from
that of dioctahedral mica muscovite, [X"VKIVIAIYVI(Si;A1)0,0(OH),] in having he-
terovalent substitutions of the type [VISi*iIVIAL, IVIAPLIVI(Fe,,, Mg, ) and
IVISiH VAL, X0, HyO)XWK ), homovalent substitution of the type
VIFes, IVIAI*Y, and a layer charge between —0.6 and —0.9 (Bailey, 1986).

Different chemical compositions have been found for samples from diverse ge-
netic environments, such as hydrothermally alterated igneous rocks (Srodoﬁ et al.,
1992), shales, and mudstones (Lindgreen et al., 1991). Zéller and Brockamp (1997)
have also reported different chemical compositions for co-existing 1M and 2M,
illites.

A high-quality three-dimensional structure refinement for illite is still missing,
even if some models show a good fit with (thermal gravimetric analysis) TGA and
XRD data. Drits et al. (1984, 1993) have suggested a statistical distribution of
cations over all three octahedral sites. Bailey (1984a) and Drits et al. (1984) have
established a relationship between the intralayer shift (i.e. the displacement along
parameter a between two adjacent 2:1 layers) and octahedral site size (Bailey, 1984a).
This intralayer shift is larger than the theoretical value (1/3 ) for trans-vacant illite
and smaller for cis-vacant illite, allowing the frans- or cis-vacant structure to be
identified by XRD.

A great deal of research has been carried out on the variation of the (001) XRD
reflection in different illitic materials. The half-height-width value of this reflection,
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known as the ‘Kiibler index’, is measured using the <2 pm fraction of air-dried illite
and Cu Ko radiation (Kiibler, 1964, 1967; Kiibler and Goy-Eggenberger, 2001). The
‘Kiibler index’, expressed as small changes in the Bragg angle (A26), has been used to
identify the diagenesis-archizone and archizone-epizone metamorphic boundaries
(Antonelli et al., 2003). Standardization of sample preparation and instrumental-
measuring conditions have been discussed. Besides being influenced by experimental
conditions and sample preparation, the Kiibler index is affected by (i) the mean size
of domains that scatter X-rays coherently; (ii) lattice strain; and (iii) the amount of
swelling part in the interstratified component. Nevertheless, this index can serve as a
useful indicator of diagenesis and low-temperature metamorphism in different geo-
tectonic environments (Guggenheim et al., 2002 and references therein). Other in-
dices using illite features to indicate the grade of diagenesis and incipient
metamorphism of clastic rocks are the “Weaver index’ (Weaver, 1960), the “Weber
index’ (Weber, 1972), the ‘Flehmig index’ (Flehmig, 1973), and the “‘Watanabe index’
(Watanabe, 1988).

Zoller and Brockamp (1997) have observed that 1 M- and 2M-illite polytypes are
distinct in composition, and hence should be considered as different mineral phases.
Peacor et al. (2002) have reported that dioctahedral clay minerals, including illite-
montmorillonite and illite, proceed from a partially disordered 1M stacking to a
2M, type during normal prograde diagenetic and low-grade metamorphic sequence,
and that 1M does not normally occur as an intermediate polytype.

Extended X-ray absorption fine structure spectroscopy (EXAFS) studies have
suggested that the Fe>" cations in the octahedral sheet of Fe-rich illites preferentially
occupy the cis-sites, giving rise to domains of different size (Drits et al., 1997a, b).
Sainz-Diaz et al. (2002) have confirmed the clustering of Fe?" atoms in the octa-
hedral sheet by theoretical calculations. Furthermore, illites with cis-vacant (cv) 2:1
layers have higher dehydroxylation temperatures than those with trans-vacant (tv)
2:1 layers (Drits et al., 1996).

The phase changes that take place when Fe-rich illites are heated have been
discussed by Murad and Wagner (1996). Fe>" is completely oxidized at 250 °C, and
the layer gradually dehydroxylates between about 350 and 900 °C. At 900 °C the illite
structure breaks down, and hematite clusters appear.

The stability of illite in natural environments is the subject of much controversy.
Evidence for the metastability of ‘illite’ with respect to ideal muscovite plus
pyrophyllite has been discussed by Rosenberg (2002).

2.6.3. Smectites

Smectites are 2:1 phyllosilicates with a total (negative) layer charge between 0.2 and 0.6
per half unit cell. Except for the layer charge and hydration of the interlayer cations,
their structure is similar to that of other 2:1 phyllosilicates already described. The
octahedral sheet may either be dominantly occupied by trivalent cations (dioctahedral
smectites) or divalent cations (trioctahedral smectites). The general formula for
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dioctahedral smectites is (M, x nHzO)(Rgfny,*')(Siifoli*)OIO(OH)zand that for

trioctahedral species (e.g., saponite) is (M x nHzO)(R%fyR;*)(Si4_x_yAlx+y)
0O19(OH), where x and y indicate the layer charge resulting from substitutions in tet-
rahedral and octahedral sites, respectively; R>* and R®* refer to a generic divalent and
trivalent octahedral cation, respectively; M ™ refers to a generic monovalent interlayer
cation (equivalent numbers of cations of different valency may be indicated by Mfz,iy Jn)-

A wide range of cations can occupy tetrahedral, octahedral, and interlayer po-
sitions. Commonly Si**, AI’*, and Fe’* are found in tetrahedral sites. Substitution
of R*" for Si*" in tetrahedral sites creates an excess of negative charge on the three
basal oxygens and the apical oxygen. This affects the total charge of the 2:1 layer as
well as the local negative charge at the layer surface. A’ Fe* ", Fe?*, Mg® ", Ni* ",
Zn?>", and Li" generally occupy octahedral sites. In dioctahedral smectites, sub-
stitution of divalent cations for trivalent cations creates an excess of negative layer
charge, whereas substitution of trivalent for divalent cations in trioctahedral
smectites generates an excess of positive charge. These events have implications for
many physical properties of smectites such as swelling and rheological behaviour.

Most of the technological uses of smectite are related to reactions that take place
in the interlayer space. Na™, K", Ca?", and Mg>", which balance the negative 2:1
layer charge, are commonly hydrated and exchangeable. Smectites contain water in
several forms. The water held in pores may be removed by drying under ambient
conditions. Water may also be associated with layer surfaces and in interlayer spaces
(Giiven, 1992). Usually, three modes of hydration (recognized as pH-dependent) are
distinguished: (i) interlayer hydration (of internal surfaces) of primary clay mineral
particles; (i) continuous hydration relating to an unlimited adsorption of water on
internal and external surfaces; and (iii) capillary condensation of free water in mi-
cropores. The main elements of interlayer hydration are (i) hydration of interlayer
cations, (ii) interaction of clay surfaces with water molecules and interlayer cations,
and (iii) water activity in the clay—water system.

A voluminous literature exists on the hydration of interlayer cations (Hendricks
et al., 1940; Mooney et al., 1952; Norrish, 1954; van Olphen, 1965, 1969; Suquet et al.,
1975, 1977, MacEwan and Wilson, 1980; Suquet and Pezerat, 1987). The interlayer
hydration complexes of smectites, arising from intercalation of a discrete number of
water layers, can be distinguished by X-ray or neutron diffraction. This number
ranges from zero to three, corresponding to the formation of zero-, one-, two- or
three-layer hydrates. The main factors affecting the interlayer hydration of smectites
are: (i) hydration energy of the interlayer cation; (ii) polarization of water molecules
by interlayer cations; (iii) variation of electrostatic surface potentials because of
differences in layer charge location; (iv) activity of water; (v) size and morphology of
smectite particles. Two types of hydration complexes can form in the interlayer space:
‘inner-sphere’ and ‘outer sphere’ complexes. In the former case the cation is directly
bound to the clay surface on one side and to a number of water molecules on the
other side, whereas in outer sphere hydration complexes, the interlayer cation
is completely surrounded by water molecules and interacts with the clay mineral
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surface through its water ligands. The interactions between clay minerals and water
molecules are further described in Chapter 3, while the reviews by McEwan and
Wilson (1980), Sposito and Prost (1982), Parker (1986), Newman (1987), McBride
(1989), Giiven (1992) and Brown et al. (1995) should be consulted for more details.

Swelling of smectites occurs in a stepwise fashion, through the sequential forma-
tion of integer-layer hydrates (Norrish, 1954), and hence may be viewed as a series of
phase transitions between such hydrates (Laird, 1994). At total water contents in-
termediate between phases, a two-phase coexistence is observed in the form of in-
terstratified or mixed layer hydrates (Cases et al., 1997). Many theoretical approaches,
such as Monte Carlo simulation, have been applied to investigating the interlayer
cation-water interaction. In Na " -exchanged smectites each Na " ion is surrounded by
five water molecules, while its position depends on the layer charge location. In
montmorillonite, Na™ is located above the hexagonal cavity just over the octahedron
where Mg? " substitutes for AI’*, whereas in beidellite, Na* is located near the Al *-
substituted tetrahedron (Chatterjee et al., 1999). Water shows a strong preference to
forming an intermolecular hydrogen-bonded network, while the hydrogen bonds to
the aluminosilicate surface are weak and short-lived (Boek and Sprik, 2003).

The location of isomorphous substitution in the layer (i.e., whether the layer
charge derives from substitution in the tetrahedral or octahedral sheet) is an impor-
tant factor affecting smectite hydration. In electrically neutral layers the basal oxygen
atoms act as a weak Lewis base (electron donor), forming weak hydrogen bonds with
water molecules. When isomorphous substitution occurs, the basal oxygen atoms
have an excess of negative charge, and their electron-donating capacity increases.
Sposito (1984) has shown that H-bonding between water molecules and basal ox-
ygens is stronger for tetrahedral than for octahedral sheet substitution. The surface
charge density (J) of a smectite with layer charge x; (in electrons) can be computed by
the equation: ¢ = x;/a x b where a and b denote the unit-cell parameters.

Another type of surface having variable charge develops along the edges of clay
mineral particles where Si—-O-Si and AI-O—Al bonds are ‘broken’ and may convert
into Si-OH and Al-OH groups (Giiven, 1992). The surface potential (\/0) at these
edges is related to the pH of the ambient solution, and the proton concentration at
the point of zero charge (PZC) of the edge surface.

The propensity of smectites for sorbing cationic species from solution is given as
the cation exchange capacity (CEC) (see Chapter 12.9). CEC values are expressed in
centimole of positive charge per kilogram of dry clay mineral (cmol(+ )/kg) which is
numerically equal to the traditional unit of milliequivalents per 100 g clay (meq/
100 g). The exchange between cations balancing the negative layer charge and cat-
ions in solution shows the following general features: (i) it is reversible; (ii) it is
diffusion-controlled (the rate-limiting step being the diffusion of one charge-bal-
ancing ion against another); (iii) it is stoichiometric; and (iv) in most cases there is
selectivity of one cation over another (Gast, 1977).

Polymeric hydr(oxides) of aluminium, iron, chromium, zinc, and titanium can in-
tercalate into smectites by cation exchange. After heating, these ‘pillared clays’ show a
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large surface area and porosity, high acidity, and catalytic properties (see Chapters 7.5
and 10.2). Likewise, cationic organic molecules (e.g., aliphatic and aromatic amines,
pyridines, methylene blue) may replace the inorganic exchangeable cations in the in-
terlayer space, while non-ionic polar organic molecules may replace adsorbed water on
external surfaces and in the interlayer space. As a result, the surface of smectite particles
becomes hydrophobic, losing its tendency to bind water (see Chapter 7.3).

Species of smectites may be differentiated according to the following criteria: (i)
dioctahedral or trioctahedral nature of the octahedral sheet; (ii) predominant oc-
tahedral cation; and (iii) density and location of the layer charge.

The most important end-members of dioctahedral smectites have the following
general compositions:

Montmorillonite (M, x nH,O)(Al;_,Mg*)Si;*0y9(OH),
Beidellite (M x nH,O)AL*(Si;F AITH0,0(OH),
Nontronite (M} x nH,O)Fe3* (Si;" Al1)0,0(OH),
Volkonskoite (M} x nH,0)Cr3 " (Sijt AIXT)0,4(OH),
The most important species of trioctahedral smectites are:
Hectorite (M x nH20)(Mg§7},Li;)Si2+O10(OH)2
Saponite (M} x nH,O)Mg3*(Sif™ AI*M)040(OH),
Sauconite (M} x nH,0)Zn2*(Si;t AI}1)0,o(OH),

Intermediate compositions can occur as swinefordite, a dioctahedral-trioctahedral
lithium-rich species (Tien et al., 1975). Moreover, significant differences in chemical
composition with respect to end-members occur for both dioctahedral and
trioctahedral smectites.

2.6.4. Vermiculite

Vermiculite is generally trioctahedral. As in smectite the 2:1 layers are separated by
hydrated cations occupying the interlayer space. However, the (negative) layer
charge of vermiculite (> 0.6 per formula unit), arising mostly from substitution of
AP" for Si*" in tetrahedral sites, is larger than that of smectite. Furthermore,
vermiculite particles (‘crystals’) are often large enough for detailed structural studies
to be performed. Stacking disorder produces ‘streaking’ in the diffraction pattern
parallel to ¢* for 0kl reflections where k#3n. This feature, involving semi-random
layer displacement of +5/3, is always found in Mg?"-vermiculite (Shirozu and
Bailey, 1966; Slade et al., 1985). For the 2-layer hydrates of Na®- and Ca®*-
vermiculites that develop at a relative humidity (P/Py)>0.5, sharp diffraction
patterns can be obtained, indicative of a high degree of stacking order. In this
instance, the ditrigonal cavities of adjacent silicate layers face each other across
the interlayer (Slade et al., 1987; de la Calle and Suquet, 1988). This arrangement
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(of adjacent silicate layers) contrasts with that found in natural semi- ordered Mg>* -
vermiculite (Mathieson and Walker, 1954; Shirozu and Bailey, 1966; Alcover and
Gatineau, 1980), where tetrahedral bases of a given silicate layer can lie opposite
ditrigonal cavities of an adjacent silicate layer. This leads to a structure in which the
interlayer Mg ™ ions are positioned between the bases of aluminium tetrahedra. In
the two-layer hydrates of Na - and Ca®*-vermiculites, Na™ and Ca®" cations have
a high probability of occurring between the bases of silicon tetrahedra, but Ca®*
ions also occur between ditrigonal cavities (Slade et al., 1985). The nature of the
interlayer cation and the relative position of adjacent silicate layers influence the
organization of the interlayer water molecules. In general, these molecules show an
ordered arrangement, although they are somewhat mobile. The oldest structural
study on vermiculite was carried out by Gruner (1934). The results of many inves-
tigations that followed have been reviewed (e.g., de la Calle and Suquet, 1988). Here,
we focus on more recent contributions that are of general interest.

The structure of vermiculite from Santa Olalla, Spain, intercalated with different
organic cations, such as tetramethylammonium (TMA "), monomethylammonium
(MMA ™), dimethylammonium (DMA ™) and tetramethylphosphonium (TMP™"),
has been investigated by Vahedi-Faridi and Guggenheim (1997, 1999a, b). In
MMA " -exchanged vermiculite, the interlayer MMA * ion occupies two distinct sites
(1) where the N—C axis is perpendicular to the basal oxygen plane, and the N atom
being offset from the centre of the interlayer by 0.104 nm and (ii) where the N atom is
at the centre of the interlayer between adjacent 2:1 layers, and the N-C axis pre-
sumably lying parallel to the basal oxygen plane. Similarly, the C-N—C plane of the
DMA " ion in DMA " -vermiculite shows two different orientations with respect to
the (001) plane. TMA " -vermiculite shows a near-perfect three-dimensional stacking
order with the TMA ™ ion offset from the centre plane between two silicate layers
(Vahedi-Faridi and Guggenheim, 1997).

Earlier, Slade et al. (1987) investigated the structure of a vermiculite-anilinium
interlayer complex. Intercalation increases the stacking order of adjacent silicate
layers, giving rise to sharp single-crystal reflections in the XRD pattern. Apparently,
the packing of the intercalated organic cations produces a superstructure and bond-
ing from layer to layer, promoting ordered layer stacking. The principal axes of
the anilinium ions, i.e., N—C(1)-C(4), are nearly perpendicular to the silicate lay-
ers, while the planes of the aromatic rings are about +30° to the a-axis of the
unit cell.

2.6.5. Chlorite

The structure of chlorite is made up of a regularly stacked, negatively charged 2:1
layers and a single, positively charged interlayer octahedral sheet that are linked to
each other by H bonds. The simplest structural unit of chlorite, therefore, consists of
the repetition of a 2:1 layer along ¢* and an octahedral interlayer sheet with a
periodicity along ¢ of about 1.4 nm.
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Chlorites are usually trioctahedral with Mg®*, AI**, and Fe* ", Fe*>* in octahedral
sites. More rarely octahedra are occupied by Cr* ", Mn**, Ni?*, V3", Cu®*, Zn*",
and Li*. Tetrahedral cations are Si*" and A" (0.4-1.8 atoms per four tetrahedral
positions). Si*" can occasionally be substituted by Fe* ", Zn*", Be* ", or B**.

Bailey (1980) has divided chlorites in four sub-groups: (i) trioctahedral chlorites,
the most common, where both the interlayer and the 2:1 octahedral sheets are
trioctahedral; (ii) dioctahedral chlorites, where both the interlayer and the 2:1 oc-
tahedral sheets are dioctahedral (e.g., donbassite); (iii) di-trioctahedral chlorites,
where the 2:1 octahedral sheet is dioctahedral and the interlayer sheet is trioctahedral
(e.g., cookeite and sudoite); and (iv) tri-dioctahedral chlorites, where the interlayer
sheet is dioctahedral and the 2:1 octahedral sheet is trioctahedral (the only mineral
with a similar arrangement is franklinfurnaceite, which also contains Ca’®" ions, and
should be considered as intermediate in structure between chlorites and brittle micas).

Bayliss (1975) introduced a nomenclature for trioctahedral chlorites based on five
end-members:

Clinochlore  (MgZ"AP*") (Sij" AI*") 0,o(OH)g
Chamosite  (Fe2*AI’™) (Sij™ AI*™) O4o(OH)q
Pennantite  (Mn2tAI*") (Si™ AIPT) 0,9(OH)g
Nimite (NiZFAPP) (SitT AIPT) 019(OH)g
Baileychlore (Zn2tAI*") (Sif™ AI*™) 019(OH)g

Intermediate compositions and the presence of other cations are identified by adding
a prefix or suffix to the end-member name. For example, the name ‘k&mmererite’ in
the old nomenclature for a magnesian chlorite with chromium substitution, should
now be changed to ‘chromian clinochlore’.

Wiewiora and Weiss (1990) have proposed a different chemical classification
based on the values of the following variables: (i) R**, representing the sum of
higher charge cations such as AI’", Fe’ ", and Cr’"; (ii) R*", representing the
content of divalent cations, such as Mg>", Fe** Mn?", and Ni*"; (iii) O,
representing octahedral vacancies; and (iv) Si4_y), where x represents the number of
trivalent cations substituting for Si. The structural chemical formula of chlorites may
thus be given as (R;'RJTW.)(Sijf AIi") Op(OH); where u+y+z=6 and
z = (y—x)/2. However, this classification has so far not been accepted by the IMA
Commission.

The ideal composition of the 2:1 chlorite layer is (R**, R3);(Sis_,Al,)O1o(OH),,
and that of the interlayer octahedral sheet is(R**, R3"),(OH),. The positive charge
of the interlayer octahedral sheet commonly balances the negative charge of the 2:1
layer arising from substitution of AI’* for Si**. Sometimes, the octahedral sheet in
the 2:1 layer contributes to balancing the tetrahedral charge. The charge of the
octahedral sheet in the 2:1 layer is positive if the overall tetrahedral charge is <-1,
and usually negative when the tetrahedral charge is > —1. Thus, the stable chlorite
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configuration is characterized by a total charge of —1 for the 2:1 layer and a total
charge of +1 for the interlayer sheet.

The main chemical substitutions in chlorite have been summarized by Bailey
(1988Db) as

VIEe2+ [VIpfg2+

IVIgj4s IVIR2Y VI3 + IVIIA P+ (Al-Tschermak)

[(IVIgj4 + [VIIR2+ IVIAP3+ VIO + gpd VIgj4 4 IVIR2+ IVIA3+ VITj4+

VM2t Fe? )y VAR VI

VIgj#+ VM2 * IVIALR T VHAR T (common in clinochlore)

VlEe2 T (OH) Z{ MIFe’ T 0, and MVIsi** MFe? VALY VUAPRT (common in
chamosite)

Brown and Bailey (1963) have studied possible polytypism in a 1.4 nm sequence.
In the 2:1 layer, each superior tetrahedral sheet is displaced by a/3 with respect to the
inferior, due to the presence of the octahedral sheet. This displacement can be either
positive or negative. The interlayer octahedral sheet can be oriented in two different
ways with respect to the 2:1 layer, referred to as type I and type II. In type I, the
octahedra in both the interlayer and the 2:1 layer are oriented in the same way as
shown in Fig. 2.11. On the other hand, type II is characterized by an opposite
orientation of octahedra in the interlayer and 2:1 layer (Fig. 2.12).

The interlayer sheet, in either type I or type II orientation, needs to match the 2:1
layer to form H-bonds between basal oxygen atoms and OH groups of the octa-
hedral interlayer. This requirement is satisfied by six different geometrical arrange-
ments that can be divided into two sets (A and B), composed of three equivalent
positions. In set A, one of the three interlayer cations, if projected on the basal plane,
overlaps with the H placed at the centre of the hexagonal ring in the matching
tetrahedral sheet of the 2:1 layer. In set B, the interlayer sheet is displaced by a/3 and
thus, the projection of the octahedral cation on the basal plane matches the H
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Fig. 2.11. Relationships between the 2:1 layer and the octahedral sheet in I chlorite polytype.
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Fig. 2.12. Relationships between the 2:1 layer and octahedral sheet in II chlorite polytype.

position in the adjacent 2:1 layer on the tetrahedral sheet below (Figs. 2.11 and 2.12).
These arrangements are referred to as Ia, Ib, I1a, and IIb. Moreover, the overlapping
of another 2:1 layer creates six other different orientations. Combination with the
four previously derived gives rise to 24 polytypes although only 12 of which are
effectively different (Brown and Bailey, 1963). Different notations for chlorite
polytypes have been introduced by Bailey (1988a), Zvyagin (1963), and Zvyagin and
Mishchenko (1965). The polytypic notation for sequences at 2.8 nm has been pro-
posed by Lister and Bailey (1967) and Drits and Karavan (1969).

Chlorites from clay environments usually present random or semi-random se-
quences. Random stacking can be identified from the analysis of reflections with
k = 3n, which are well defined. Broad and very weak reflections, however, charac-
terize spots with k # 3n.

Single-crystal studies on chlorites have recently been performed (Nelson and
Guggenheim, 1993; Smyth et al., 1997; Welch and Marshall, 2001; Kleppe et al.,
2003) both at room temperature and at high temperature and pressure. The greatest
number of structural refinements pertains to clinochlore.

2.7. ILLITE-SMECTITE AND OTHER INTERSTRATIFICATIONS
BETWEEN DIOCTAHEDRAL NON-EXPANDABLE AND
EXPANDABLE 2:1 LAYERS

Interstratifications between non-expandable layers of illite and expandable layers
of smectite have attracted the attention of many researchers because of their prop-
erties (Srodor'l, 1989), petrogenetic significance (Velde and Kdoster, 1992), and ap-
plication in the oil industry (Drits et al., 1997b). In addition to time, temperature,
pressure, and K* content, A’ for Si** substitution and interlayer dehydration are



48 Chapter 2: Structures and Mineralogy of Clay Minerals

the main crystal chemical parameters controlling the smectite-to-illite transforma-
tion (Srodoﬁ and Eberl, 1984; Lindgreen et al., 1991; Huang, 1992; Drits, 1997). The
dynamics of this process have been investigated using a wide range of approaches,
notably HRTEM and modelling (Bethke and Altaner, 1986).

In the model, developed by Altaner and Ylagan (1997) the crystal structure of
illite-smectite (I-S) is interpreted in terms of a non-polar and a polar 2:1 layer. In the
non-polar model, individual 2:1 layers are chemically homogeneous, whereas 2:1
layers in the polar model can have a smectite charge on one side and an illite charge
on the other. Assuming a polar 2:1 layer model for I-S, the reaction mechanisms
required for smectite illitization are (i) solid-state transformation (SST); (ii) disso-
lution and crystallization (DC); and (iii) Ostwald ripening (OR). SST features the
replacement of smectite interlayers by illite interlayers, leading to gradual changes in
interlayer ordering, polytype, chemical and isotopic composition, crystal size and
shape. Several SST models are possible depending on the nature of the reaction site
(framework cations, polyhedra, or interlayers). In contrast, DC models allow for
abrupt changes in the structure, composition, and texture of I-S as illitization pro-
ceeds. Several DC models are possible depending on the nature of the rate-controlling
step, i.e., diffusional transport or surface reactions during crystal growth. The OR
model represents the coarsening of a single mineral where the smallest crystals dis-
solve and nucleate onto existing larger crystals, allowing for evolution in the over-
growth but not in the template crystal. An SST mechanism, involving either reacting
polyhedra or reacting interlayers, seems to provide the best model of illitization in
rock-dominated systems such as bentonite, while a DC mechanism seems best in
describing illitization in fluid-dominated systems such as sandstone and hydrothermal
environments. Both DC and SST mechanisms can occur in shale. Differences in
reaction mechanism may be related to permeability. The OR model poorly describes
illitization because of the progressive mineralogical and chemical changes involved.

In rectorite, there is regular interstratification of one layer of illite and one layer of
smectite (... ISIS ...), while regular interstratification of one smectite and three illite
layers (... ITISIIIS ...) gives rise to tarasovite.

Other interstratified minerals composed of non-expandable and expandable 2:1
layers are leucophyllite—smectite (Sokolova, 1982), glauconite—nontronite (Odom,
1984) and celadonite—nontronite (Lipkina et al., 1987).

2.8. ALLOPHANE AND IMOGOLITE

Allophane and imogolite are clay-size hydrous alumino-silicates of short-range
order. Although, these minerals have been found in soils of different origins and
environments, they are especially abundant in soils derived from volcanic ash and
weathered pumice. Not all allophanes, however, are associated with soil environ-
ments. A prime example is the type that occurs as a deposit on a stream bed near Silica
Springs, New Zealand. The literature also mentions ‘proto-imogolite’, which is a
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synthetic alumino-silicate sol formed from the interaction of hydroxyaluminium spe-
cies and orthosilicic acid in dilute aqueous solutions of pH< 5 (Farmer et al., 1979).
The natural analogue of proto-imogolite that occurs in soil is sometimes referred to as
‘allophane-like constituents’ (Wada, 1995). For more details about the nature, oc-
currence, and properties of allophane and imogolite, the reader is referred to the
reviews by Fieldes and Claridge (1975), Wada (1989), Parfitt (1990), and Harsh (2000).

Since allophane gives broad, diffuse peaks in its XRD pattern (Fig. 2.13), this
mineral has often been described as amorphous. HRTEM, however, has consistently
shown (Henmi and Wada, 1976; Wada and Wada, 1977; Hall et al., 1985) that the
unit particles of allophane consist of nanometre-size hollow spherules, forming mi-
cro-aggregates (clusters) of varied size and shape (Fig. 2.14). On this basis, the term
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Fig. 2.13. XRD patterns of imogolite and some allophanes: (a) imogolite from soil; (b)
imogolite-like allophane (Al/Si = 2.3) from soil; (c¢) halloysite-like allophane (Al/Si = 1.1)
from soil; (d) Silica Springs allophane (Al/Si = 1.7). Adapted from Brown et al. (1978); Childs
et al. (1990); Parfitt (1990).
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Fig. 2.14. High-resolution transmission electron micrograph of allophane separated from the
Kitakami pumice (200000 x magnification; bar = 50 nm). Courtesy: S.-I. Wada, Kyushu
University, Japan.

‘short-range order’ seems more appropriate than, and preferable to, ‘amorphous’.
Thus, allophane may be defined as ‘...a group of clay-size minerals with short-range
order which contain silica, alumina, and water in chemical combination’ (Parfitt,
1990).

When examined by HRTEM (Fig. 2.15), imogolite appears as slender, hollow
tubules forming 10-30 nm thick bundles of several micrometres in length (Henmi
and Wada, 1976; Wada, 1989). Further, the XRD pattern of imogolite shows a series
of bands (Fig. 2.13) that can be assigned to (k) indices. Similarly, the ring reflections
in its ED pattern may be indexed as (k/) (Wada, 1995). In having long-range order in
one dimension (with a repeat distance of 0.84 nm along the tubule axis), imogolite
has been described as para-crystalline. However, there is as yet no generally accept-
able terminology to denote the crystalline state of allophane, imogolite, and related
minerals. Besides ‘short-range order’ and ‘para-crystalline’, the terms ‘poorly crys-
talline’, ‘non-crystalline’, ‘sub-crystalline’, and ‘disordered’ have been used in the
literature (Brown et al., 1978; Wada, 1995).

Fig. 2.16 shows a cross section of an individual tubule of imogolite as deduced by
Cradwick et al. (1972) from chemical, infrared spectroscopic, XRD, and ED analyses.
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Fig. 2.15. High-resolution transmission electron micrograph of imogolite separated from a
gel film of the Kitakami pumice bed (200000 x magnification; bar = 50 nm). Courtesy: N.
Yoshinaga, Ehime University, Japan.

Here, each hollow tubule is depicted as having an outer diameter of 2.14 nm, inner di-
ameter of 0.64 nm, and ten unit cells. The atom positions of two unit cells are shown in
detail in Brown et al. (1978). The ideal unit formula of imogolite may thus be written as
SiO, - Al,O3 - 2H»0. The commonly used notation for imogolite, however, is (OH);Al,
O3SiOH giving the sequence of ions from the periphery to the centre of the tu-
bule, and indicating that the orthosilicate group shares three oxygens with aluminium.
Fig. 2.16 also gives the structure of gibbsite, drawn to the same scale, to illustrate the
similarity between imogolite and gibbsite in terms of atomic arrangement and unit-cell
dimensions.

Unlike imogolite, allophane has a variable composition. Although, the Al/Si ratio
of some specimens may be as high as four, the vast majority of allophanes have Al/Si
ratios between 1 and 2 (Wada, 1989; Parfitt, 1990). Irrespective of chemical com-
position and origin, however, the unit particle of allophane is a hollow spherule with
an outer diameter of 3.5-5.5nm, and a wall thickness of 0.7-1.0nm (Fig. 2.17).
Because of its similarity in composition to that of imogolite, the Al-rich end-member
of allophane (Al/Si~2) has been referred to as either ‘proto-imogilite allophane’
(Farmer et al., 1979) or ‘imogolite-like allophane’ (Parfitt and Wilson, 1985). IR
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Fig. 2.16. Diagram comparing the structure and unit cell dimensions of imogolite with those
of gibbsite. (a) the structure of imogolite viewed down the tubule axis showing the atomic
arrangement for two of the 10 unit cells (left); the same projected on a cylinder surface through
the centres of the outer hydroxyl groups (right); (b) the structure of a gibbsite sheet showing
linked alumina octahedra (left), and projected on the ab plane (right). Note that the repeat
distance along the tubule axis of imogolite (¢ = 0.84 nm) is close to the a dimension of gibbsite
(= 0.862nm); OD = outer diameter; ID = inner diameter. From Brown et al. (1978).

(Fig. 2.18) and NMR spectroscopic measurements (Table 2.1) further indicate that
this type of allophane is composed of fragments having the imogolite structure over
a short range (Parfitt and Henmi, 1980).

By analogy with imogolite (Fig. 2.16), the spherule wall of imogolite-like allophane
is apparently composed of an outer gibbsitic sheet to which (O3SiOH) groups are
attached on the inside. Unlike the situation in imogolite, however, the layer structure
contains vacancies, particularly in the octahedral sheet. Clusters of such ‘defects’ give
rise to discontinuities or perforations of ~0.3 nm in diameter along the spherule wall,
allowing small extraneous molecules, notably water, to enter in the spherule void
space (Fig. 2.17). Depending on the ambient solution pH, the (OH)AI(OH,) groups,
exposed at wall perforations, can either acquire or lose protons. Besides being at the
source of the pH-dependent charge characteristics, these groups control the reactivity
of allophane toward extraneous ionic species, such as phosphate, humic acid, and
amino acids. The anion adsorption data further indicate that the wall of individual
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Fig. 2.17. Diagram of a soil allophane unit particle or hollow spherule showing the probable
structure of the spherule wall, the intra-spherule void space, and wall perforations. Modified
from Wada and Wada (1977).
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Fig. 2.18. Infrared spectra of imogolite and some allophanes: (a) imogolite from soil; (b)

imogolite-like allophane (Al/Si = 2) from soil; (c) halloysite-like allophane (Al/Si = 1.1) from
soil; (d) Silica Springs allophane (Al/Si = 1.5). Adapted from Parfitt (1990).
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allophane spherules may contain as many as eight perforations (Theng et al., 1982;
Hashizume and Theng, 1999; Yuan et al., 2000; Hashizume et al., 2002).

The Si-rich end-member of allophane with an Al/Si ratio of ~1 has been referred
to as either ‘defect-kaolin allophane’ or ‘halloysite-like allophane’ (Yoshinaga,
1986). Although some orthosilicate may still be present, the *’Si NMR spectroscopy
(Goodman et al., 1985; Shimizu et al., 1988) indicates that in this type of allophane
the silicate group is polymerized with some Al*" substituting for Si** in tetrahedral
sites (Table 2.1). The IR spectrum shows an intense Si—O stretching band near
1020 cm™" while the peak at 348 cm™', characteristic of proto-imogolite, imogolite,
and imogolite-like allophane, is hardly detectable (Fig. 2.18).

The question arises whether the octahedral Al sheet still provides the structural
framework in halloysite-like allophane as Parfitt (1990) proposed. A variant, suggested
by MacKenzie et al. (1991), has the (isolated) orthosilicate groups penetrating the inner
silica tetrahedral sheet through defect structures (‘holes’) in this sheet. Nevertheless, the
possibility that the Si- or Si(Al)- tetrahedral sheet serves as the framework structure
cannot be ruled out (van der Gaast et al., 1985). In any case, samples with Al/Si ratios
between 1 and 2 are likely to be mixtures of halloysite- and imogolite-like allophanes.
These mixtures may be of unit particles or of structures within particles (Parfitt, 1990).

On the other hand, there is little doubt that a curved halloysite-like layer structure
constitutes the framework of ‘stream-deposit allophane’ from Silica Springs, New

Table 2.1. Types and structural features of allophane and imogolite (modified from Parfitt,
1990)

Features Imogolite Imogolite-like Halloysite-like Silica Springs
allophane (soil)*  allophane (soil)®  allophane®

Al/Si ratio 2 ~2 ~1 1.1-1.9
Infrared bands 1000, 950, 700, 975, 690, 570, 1020, 680, 580, 1020, 880, 670,
(em™) 570, 500, 428, 500, 428, 348 450 610, 450
348

2Si NMR —78 (isolated —78 (isolated —90 —86 (sheet
chemical shift orthosilicate) orthosilicate) (polymerized silicate)
(ppm)? silicate)

—78 (isolated

orthosilicate)
27Al NMR 5 (AIY 5 (AIYY 5 (AIYY) 60 3 (A1
chemical shift (AI™) 51 (AI™Y)
(ppm)°

?Also known as ‘Al-rich allophane’ or ‘proto-imogolite allophane’.

®Also known as ‘Si-rich allophane’ or ‘defect-kaolin allophane’.

°Also known as ‘stream-deposit allophane’ or ‘hydrous feldspathoid allophane’.
dRelative to tetramethylsilane.

“Relative to Al(H,O);".
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Zealand (Wells et al., 1977). The XRD pattern of a Silica Springs allophane sample is
shown in Fig. 2.13 and its IR spectrum in Fig. 2.18. The Al/Si ratio of Silica Springs
allophanes varies between 1.1 and 1.9. As this ratio increases, the "YAI/VUAL ratio
decreases but the "VIA1/'VISi ratio remains invariant at 1/3. These observations led
Childs et al. (1990) to suggest that a more or less complete tetrahedral sheet (con-
taining one AI’" for every three Si*") forms the outer, convex surface of the sphe-
rule wall while the inner YMAI*" octahedral sheet is incomplete and fragmented
(Fig. 2.19). These non-soil allophanes have also been referred to as hydrous
felspathoids (Farmer et al., 1979; Farmer and Russell, 1990).

X-ray photoelectron spectroscopy (XPS) of Silica Springs allophane (Childs et al.,
1997) indicates that the binding energies of Al, Si, and O electrons are similar to
those for kaolinite, in agreement with the findings by He et al. (1995). The values are
also closely similar to those measured for some framework silicates (feldspars) hav-
ing 4-coordinate AI’*. Atomic Al/Si, C/Si, and N/Si ratios by XPS further indicate
that the surfaces of Silica Springs allophanes are enriched in Al, C, and N (Childs
et al., 1997). The surface enrichment by Al may be explained in terms of the presence
of Al-octahedral fragments (Fig. 2.18) at the surface of the allophane aggregates.
Similarly, the surface enrichment by C and N may be ascribed to surface-adsorbed
organic structures. Application of ?Al NMR spectroscopy with high magnetic field
strength, and fast MAS, has further revealed the presence of 5-coordinate AI’* in
Silica Springs allophanes (Childs et al., 1999). This Al species may be associated with
the edges of octahedral sheet fragments. The presence of MAIP™ in Si-rich soil
allophanes is yet to be established.

/ incomplete
/ octahedral sheet

/ \
/ \

tetrahedral
sheet

Fig. 2.19. Proposed structural model for the unit particle of Silica Springs allophane showing
part of a hollow spherule with an outer diameter of 2-3 nm. Here the outer Si(Al)-tetrahedral
sheet serves as the framework and the inner Al-octahedral sheet is incomplete (fragmented).
From Childs et al. (1990).
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2.9. PALYGORSKITE AND SEPIOLITE

Palygorskite and sepiolite are phyllosilicates inasmuch as they contain a contin-
uous two-dimensional tetrahedral sheet; however, they differ from other layer silicates
in that they lack continuous octahedral sheets. Their structure can be considered to
contain ribbons of a 2:1 phyllosilicate structure, each ribbon being linked to the next
inversion of SiOy, tetrahedra along a set of Si—O bonds. Thus, tetrahedral apices point
in opposite directions in adjacent ribbons. These ribbons extend parallel to the X-axis
and have an average width along Y of three linked pyroxene-like single chains in
sepiolite and two linked chains in palygorskite (Fig. 2.20); in this framework, rec-
tangular channels run parallel to the X-axis between opposing 2:1 ribbons. As the
octahedral sheet is discontinuous at each inversion of the tetrahedra, oxygen atoms in
the octahedra at the edge of the ribbons are coordinated to cations on the ribbon side
only, while coordination and charge balance are completed along the channels by
protons, coordinated water and a small number of exchangeable cations. Further-
more, the channels contain a variable amount of zeolitic water (Galan, 1996).

Chain phyllosilicates have a fibrous habit (Fig. 2.21) with channels running par-
allel to the fibre length. Fibre sizes vary widely but generally range from about 10 to
about 30nm in width, and from about 5 to aboutlOnm in thickness (Jones and
Galan, 1988; Galan, 1996).
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Fig. 2.20. Schematic structure of palygorskite (after Bradley (1940)) and sepiolite (after
(Brauner and Preisinger, 1956; Jones and Galan, 1988)).
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(b)

Fig. 2.21. (a) transmission electron micrograph of palygorskite (Torrejon, Spain); (b), scan-
ning electron micrograph of sepiolite (Vallecas, Spain).

Early attempts at determining the sepiolite structure were carried out by Migeon
(1936), Longchambon and Migeon (1936), Longchambon (1937), and Caillére
(1951). The first structural pattern for sepiolite was proposed by Nagy and Bradley
(1955) who suggested the C2/m (A2/m) space group as being the most appropriate
(Table 2.2). However, their interpretation from X-ray fibre photographs (using 0kl
reflections) was not very conclusive.
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Table 2.2. Some crystallographic data for sepiolite and palygorskite (Jones and Galan, 1988)

a (nm) b (nm) c or ¢ sin f(nm) B(°) Space group
Sepiolite
Nagy and Bradley (1955) 0.530 2.70 1.34 ? A2/m
Brauner and Preisinger (1956) 0.528 2.680 1.340 90° Pnan
Brindley (1959) 0.525 2.696 1.350 90°
Zvyagin et al. (1963) 0.524 272 1.34 90° Pnan
Bailey (1980) (average) 0.528 2.695 1.337 90° Pnan
Galan (unplublished,
Vallecas sepiolite) 0.523  2.677 1.343 90° Pnan
Palygorskite
Bradley (1940) 052 1.80 1.29 ? A2|m
Zvyagin et al. (1963) 0.522  1.806 1.275 95.83° P2la
Christ et al. (1969) (Sapillo)  0.524 1.787 1.272 90° Pn
Christ et al. (1969) 0.524 1.783 1.278 95.78° P2Ja
Drits and Sokolova (1971) 0.515 1.785 1.314 107° A2/m
Bailey (1980) (average) 0.520 1.790 1.270 90°, 96°, 107°

Later, Brauner and Preisinger (1956) and Preisinger (1959) proposed another
model for sepiolite with space group Pnan (Fig. 2.20, Table 2.3). The fundamental
difference between both models lies in whether the tetrahedral inversion at the edge
of the ribbons occurs along the middle of the zig-zag Si—O-Si chains (Nagy and
Bradley, 1955) or along their edges (Brauner and Preisinger, 1956). In the Brauner
and Preisinger (1956) model, adjacent inverted ribbons are joined by a single basal
oxygen (instead of two as in the Nagy—Bradley model), and there are eight octa-
hedral sites in a ribbon (instead of nine), four OH (instead of six), and eight zeolitic
water molecules (instead of six).

ED patterns from single fibres by Brindley (1959), Zvyagin (1967), and Gard and
Follet (1968) have confirmed that the extinctions are in agreement with the space
group Pnan. The Brauner—Preisinger model for sepiolite has also been confirmed and
refined by Rautureau et al. (1972), Rautureau and Tchoubar (1974), Rautureau
(1974), and Yucel et al. (1981).

The unit-cell parameters determined for sepiolite are: @ = 0.528 nm, b = 2.695 nm,
¢ =1.33nm, f = 90° (Table 2.2). Channels in the structure are 0.37 nm x 1.06 nm in
dimension.

Regarding the palygorskite structure, Bradley (1940) proposed a model with a
probable A2/m space group (Table 2.2). The main difference from the sepiolite
model is the shorter b dimension because only two linked pyroxene-like single chains
are in the ribbon. Later, Drits and Sokolova (1971) confirmed the Bradley model and
measured a f-angle of 107°. It would therefore appear that for both sepiolite and
palygorskite, the linkage by two oxygens can be excluded.
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Table 2.3. Octahedral and tetrahedral occupancy ranges for bulk and EDX analyses of se-
piolite and palygorskite (in bracket mean value) (Galan and Carretero, 1999).

Bulk EDX analyses Other EDX EDX analyses
analyses by (Paquet et analyses from by (Galan and
al., 1987) literature Carretero, 1999)
Sepiolite VIR 6.95-8.11  6.93-8.5 7.61-7.87 7.93-7.98
(7.72) (7.74) (7.95)
VMg 4.96-8.1 5.6-8.5 6.05-7.73 7.93-7.98
(7.36) (7.11) (7.95)
VIRZ+R?  0-2.28 0-1.8 0-1.8 0
(0.32) (0.62)
YA+ Fe* ™) 0-0.72 — 0-0.2 (0.10) 0
(0.19)
Palygorskite V'R 3.45-433  2.63-4.63 3.36-4.17 3.95-4.09
(3.96) (3.88) (4.00)
ViMg 1.12-2.82  0.83-3.08 1.32-2.60 1.71-2.10
(2.00) (1.97) (1.96)
VIRZ+RY)  1.12-250  1.5-2.66 1.46-2.41 1.87-2.24
(1.96) (1.91) (2.04)
VAI+Fe*™) 0-0.67 — 0.07-0.49 0-0.29
(0.29) (0.30) (0.14)

VIR = all octahedral cations.
VI(R?+ R?) = octahedral cations other than Mg. They are mainly Al and Fe®™.

Preisinger (1963) reported an orthorhombic model for palygorskite similar to the
orthorhombic sepiolite of Brauner and Preisinger (1956) except for the ribbon width.
Christ et al. (1969) studied five palygorskite samples by XRD and found three
orthorhombic (Pn) and two different monoclinic cells. Although there are not suffi-
cient data to define exactly the difference between them, it is clear that at least two
symmetries are possible for palygorskite, one orthorhombic and another monoclinic.
Monoclinic structures have an n-glide plane parallel to (100) (Table 2.2). One of the
monoclinic symmetries is similar to the one proposed by Zvyagin et al. (1963) (P2/a,
B = 95.83°). The other, with the Z-axis as the monoclinic axis and y = 92.23° for the
monoclinic angle, has no structural interpretation up to the present time.

More recently, Chisholm (1992) analysed the structural models given by Christ et
al. (1969) and other authors, and found two palygorskite structures, one ortho-
rhombic (Pbmn=Pnmb) and another monoclinic (C2/m=A/2 m). Most palygorskite
samples appear to contain both forms. There are samples of pure or nearly pure
monoclinic palygorskite but there is no pure orthorhombic palygorskite. The co-
existence of both structures lies behind the confusion that arises from indexing XRD
patterns in terms of a single phase, and using different unit cells and space groups for
palygorskite. The two structures determined by Chisholm (1992) agree with those
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proposed by Drits and Sokolova (1971) for the monoclinic form (f about 105.2°, is
not far from Drits and Sokolova’s value of 107°), and that by Preisinger (1963) for
the orthorhombic form.

Each form has some reflections (with 1£0) that are not shown by the other; these
can be used for discrimination (Figs. 2.22 and 2.23). For example, the lines at
0.425nm (121), 0.309 nm (123), and 0.2536 nm (161) indicate the presence of ortho-
rhombic palygorskite, while those at 0.436 nm (120) and 0.251 nm (162, overlapping
with 200) are indicative of monoclinic palygorskite. Two lines near 0.320 nm also
indicate the presence of the monoclinic form, while a single line at 0.319nm is
expected for the orthorhombic forms. The d-values for monoclinic palygorskite de-
pend on f, even in the narrow range of 106-108° (Figs. 2.22 and 2.23).

One palygorskite structure must be considered as orthorhombic: Pnmb (Prei-
singer, 1963) and another as monoclinic: A2/m (Bradley, 1940; Drits and Sokolova,
1971). Monoclinic cells proposed by Zvyagin et al. (1963) and Christ et al. (1969)
with smaller values of § may represent alternative choices of axes in the monoclinic
system, as noted by Bailey (1980) who also gave the following unit-cell parameters:
a=0.52nm, b=1.79nm, ¢ sin f=127nm, f =90, 96 or 107°. Channels in the
structure are 0.37 x 0.64 nm in dimension and run parallel to the fibre length. Powder
XRD patterns of palygorskite and sepiolite are shown in Figs. 2.24 and 2.25.

Zoltai (1981) has described the palygorskite and sepiolite structures as biopyri-
boles (bio = biotite, pyr = pyroxenes, iboles = amphiboles) built of tri-di-octahedral
modules, the tri-module being M3A,Si4O,9, and di-module M,A,Si,0;9. M is the
octahedral cation and A is the anion not bonded to Si within to module; it can be
oxygen when bonded to Si and is (OH) when bonded to more that one M cations.
One half of each A anion is H,O molecule when the anion bonded to only one M
cation. The width of these modules is one tetrahedral chain, and their height (7) is
four times the height of an ideal polyhedral layer. Combinations of these modules
can give rise to complete crystal structures with a vertical displacement between the
modules equal to n x ¢t (with n =0, 1/2, 3/4). If n = 0, the major layer silicates are
produced. A sequence of n = 0 and 3/4 between modules produces palygorskite, and
the sequence 0, 0, and 3/4 gives the sepiolite structure (Fig. 2.26). Symbol 0 is relative
to the orientation of tetrahedral chains, indicating that the faces of adjacent tet-
rahedra point in opposite directions (‘0’ chains).

Although the crystallographic description by Zoltai (1981) is attractive, palygors-
kite and sepiolite should be considered as phyllosilicates (see above) with special
features rather than as biopyriboles. This is because the physicochemical properties
and genetic environments of palygorskite and sepiolite are akin to those of clay
minerals. In common with many other phyllosilicates, a detailed single-crystal
structure of sepiolite and palygorskite is still wanting. IR studies combined with
powdered diffraction EM and TA have provided insight into the nature of the water
in sepiolite and palygorskite, and the structural changes that occur after heating/
dehydration (Hayashi et al., 1969; Serna et al., 1975, 1977; Mifsud et al., 1978; Van
Scoyoc et al., 1979; Blanco et al., 1988).
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Fig. 2.22. XRD powder patterns in the 19-23° range of 260 (Cu Ko radiation), showing the 0.40-0.45 nm diagnostic region calculated
for idealized orthorhombic and monoclinic palygorskites. The 121 reflection is characteristic of the orthorhombic form, while the 021

and strong 221 reflections are characteristic of the monoclinic form. After Chisholm (1992).
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Fig. 2.23. XRD powder patterns in the 25-30° range of 20 (Cu Ka radiation), showing the 0.305-0.33 nm diagnostic region calculated
for idealized orthorhombic and monoclinic palygorskites. The 321 line is characteristic of the orthorhombic form. The appearance of
two lines close together near 400 indicate the presence of the monoclinic form; the exact position of these lines is sensitive to the value of
f in the range 106-108°. After Chisholm (1992).
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Fig. 2.24. XRD pattern of the orthorhombic form (a) and monoclinic form (b) of palygors-
kite (C = calcite, Q = quartz). After Christ et al. (1969). Indices for the monoclinic form are
taken from Chisholm (1992).
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Fig. 2.25. XRD diagram of sepiolite from Vallecas. The numbers at the top of each peak refer
to Angstrom units (1 A = 0.1 nm). After Pérez-Rodriguez and Galan (1994).

A more recent study by McKeown et al. (2002), using polarized Raman and FTIR
spectroscopy, indicates that the Si—O stretching and O-Si—O bending force constants
for palygorskite are similar to the corresponding values previously calculated for
other phyllosilicates. However, the values for Mg—O stretching are about half of
those obtained for the Al-O and Mg-O stretching force constants in other phyllo-
silicates (i.e., the octahedral sheets in micas). This finding suggests that the respective
interatomic bonds within the octahedral ribbons of palygorskite and sepiolite are
weaker than those in a continuous octahedral sheet.
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Fig. 2.26. Palygorskite and sepiolite structures. After Zoltai (1981). (r = displacement be-
tween a pair of 1/2 Tri modules; 1/2 indicates that only half of the extra trioctahedral sites are
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Fig. 2.27. General scheme for an unfolded (a) and folded (b) fibrous clay mineral. After Jones
and Galan, 1988).

Four water molecules (zeolitic water) are present in the channels, and four others
are bound to the octahedral edge inside the channels. Accordingly, the DTA curves
can be divided into three parts: (i) the low-temperature region (<300 °C) where the
minerals lose water adsorbed on outer surfaces and zeolitic water (peak at
120-150 °C); (ii) the central region (300-600 °C), where two endothermic peaks oc-
cur at about 350 °C and 500-550 °C for sepiolite, but only one (about 450-500 °C) for
palygorskite; and (iii) the high-temperature region (> 600 °C) where an endothermic
effect (at about 800 °C) is immediately followed by an exothermic maiximum.

In sepiolite, the first endotherm in the central region is narrower and more intense
than the second one (Fig. 2.27). The first endothermic peak is ascribed to the loss of
the first two water molecules coordinated to the inner octahedral edge, causing
rotation of alternate ribbons and particle folding (Nagata et al., 1974; Serna et al.,
1975; Van Scoyoc et al., 1979). The second central endotherm in sepiolite is due to
the loss of the other two edge-coordinated water molecules that are ‘trapped’ inside
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Fig. 2.28. DTA and TG curves of sepiolite from Vallecas. (temperature in °C, weight sample =
42 mg, heating rate = 12°min~!, ambient conditions). After Pérez-Rodriguez and Galan (1994).

the collapsed channels (Pérez-Rodriguez and Galan, 1994). In palygorskite, coor-
dination water is gradually lost through the whole interval, starting when zeolitic
water is lost and ending when dehydroxylation begins (Mifsud et al., 1978). The
high-temperature endotherm represents dehydroxylation of the structure, and the
exothermic peak that follows is due to the formation of clinoenstatite. Typical
DTA-TG curves for sepiolite are shown in Fig. 2.28.

The structural changes that occur on heating also lead to a decrease in the in-
tensity of the principal XRD peaks. For instance, in sepiolite (Fig. 2.29) the reflec-
tions at 1.2, 0.45, 0.38, and 0.34 nm decrease when the mineral is heated at 250 °C for
1 h, while new reflections appear at 1.04 and 0.82nm. Further heating to 450 °C
increases the intensity of these new reflections, which persist up to 700 °C (Hayashi
et al., 1969; Fernandez alvarez, 1970; Nagata et al., 1974). In palygorskite, the
intensity of the reflections at 1.05, 0.45, and 0.323 nm decreases on heating, and new
peaks appear at 0.92 and 0.47 nm. On heating to 325 °C, these changes become more
marked. Heating to 600 °C completely eliminates the 1.05 nm reflection. At the same
time, the 0.92nm peak becomes less intense (Hayashi et al., 1969) and shifts to
0.87nm. At 700 °C, palygorskite is practically X-ray amorphous.

The decrease in intensity of the principal reflection occurs because structural
disorder produced by heating is more prominent along the principal cleavage face
(011) and less along the (040) plane (Lokanatha and Bhattacherjee, 1984). In
the 200-300 °C range, the particle size of palygorskite slightly increases as water
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Fig. 2.29. XRD diffraction pattern of sepiolite recorded under vacuum at 25°C, 4h (a);
200°C, 4h (b); 530°C, 6h (c). After Serna et al. (1975).

molecules are expelled from the channels, but decreases markedly at 600 °C when the
anhydrous stage is reached. As particle size decreases, the parameter a along the fibre
axis increases until the structure collapses. Both palygorskite and sepiolite can
rehydrate following particle folding. However, rehydration is difficult once the an-
hydrous state is reached when new interparticle bonds are formed.

From an historical point of view, the chemical analysis of sepiolite (in the form of
a ‘meerschaum’ pipe from Turkey) was first attempted in the second half of the 18th
century by Johann Christian Wiegleb. In 1794, Martin Heinrich Klaproth made a
chemical analysis of a sepiolite from Eskisehir, Turkey. Since then most papers on
sepiolite and palygorskite have information about their respective chemical compo-
sitions.

However, published analytical data mostly refer to bulk samples. As such, they
are affected by both crystallochemical variations and admixed contaminants (other
clay minerals and associated minerals). The most frequent admixtures in sepiolite
and palygorskite are smectite, illite, chlorite, quartz, feldspars, carbonates, zeolites,
iron, and silica gels.
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Galan and Carretero (1999) have reviewed the literature on chemical analyses, includ-
ing bulk chemical analyses, and EDX analyses of selected individual particles and pure
samples. Their assessment indicates that sepiolite is a true trioctahedral mineral with
eight octahedral positions filled by Mg>* (Table 2.3) and negligible structural substi-
tutions. A very pure (near end-member) specimen has close to the theoretical formula of

Mg;Si12030(OH)4(OH»),(H>20)g

Palygorskite is intermediate between di- and tri-octahedral. The octahedral sheet con-
tains mainly Mg>", A", and Fe’*, with an R*"/R*" ratio close to 1, and has four of
the five structural positions occupied (Table 2.3). The theoretical formula is

(M3 ™R3 0)(Sig™ AI>")02(OH),(OH,), x RYL(H0)y; x=0-0.5

The proposed formula is very close to that given by Smith and Norem (1986) for very
pure palygorskite samples obtained by electron-microprobe analysis.

Figs. 2.30 and 2.31 indicate that the compositions of sepiolite and palygorskite are
more limited than previously reported. The two minerals show no compositional gap
if bulk analytical data are plotted on the Martin-Vivaldi and Cano (1956) diagram
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Fig. 2.30. Selected bulk analysis data for sepiolite and palygorskite, plotted as the content of
6-coordinate Mg atoms per half unit cell against the content of 6-coordinate (Al+ Fe) atoms
per half unit cell. (O): data for palygorskite from the literature; A: data for sepiolite from the
literature. The EDX results for palygorskite (%) and sepiolite (+) from Galan and Carretero
(1999) are also included. Broken line represents the conventional plot; solid line denotes the
relationship proposed by Paquet et al. (1987).
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Fig. 2.31. EDX analysis data for sepiolite and palygorskite. O: data for palygorskite from the
literature; A: data for sepiolite from the literature. The results for palygorskite (%) and se-
piolite (+) from Galan and Carretero (1999) are also included. Broken line represents the
conventional plot; solid line denotes the relationship proposed by Paquet et al. (1987) from
their sepiolite (l) and palygorskite (A) data.

(Fig. 2.32). On the contrary, a gap can be recognized if the EDX results alone are
considered.

On the basis of trace elements content, sepiolite is a more ‘restricted’ mineral than
palygorskite. According to Torres-Ruiz et al. (1994), sepiolite contains three or four
times more trace elements than palygorskite. Both minerals are rich in F~ and Li™.
Sepiolite can contain up to 1.5% F, and 800 ppm Li" (Leguey et al., 1995; Torres-
Ruiz et al., 1994). Inherited minerals have higher values of REE and transition-metal
elements, and lower values of F~ and Li", than those formed by chemical precip-
itation in depositional basins (Torres-Ruiz et al., 1994; Lopez-Galindo et al., 1996).

The CEC of both minerals is quite low, ranging from 4 to 40cmol/kg; higher
values are probably related to impurities (Galan, 1996).

In some sepiolites cations other than Mg® " may occur in octahedral positions. If
Ni?* >Mg?* the species is known as falcondoite (Springer, 1976). Iron- and alu-
minium-rich varieties are named Fe’*-sepiolite and AI’*-sepiolite, respectively.
Loughlinite is Na " -sepiolite where two Na " substitute for two Mg®", and two Na*
are in the channels (Fahey and Axelrod, 1948; Echle, 1978). Since it is very difficult
to conceive of a stable sepiolite structure containing octahedral Na™, Jones and
Galan (1988) have suggested that the occurrence of loughlinite as a different mineral
from sepiolite is still to be conclusively demonstrated. Other varieties of sepiolite are
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Fig. 2.32. Bulk analysis data for sepiolite and palygorskite, taken from the literature unless
specified otherwise, plotted as moles of MgO per 100 g against moles of XO per 100 g where
XO = AL,O3+ Fe,O3 + FeO +MnO. O = palygorskite; O = sepiolite; B = palygorskite from
Martin-Vivaldi and Cano (1956); @ = sepiolite from Martin-Vivaldi and Cano (1956). EDX
results for palygorskite () and sepiolite (+) are taken from Galan and Carretero (1999).

AP " -sepiolite (Rogers et al., 1956; Firman, 1966), Mn> " -sepiolite, and Mn?>*-Fe? " -
sepiolite (Semenov, 1969).

Among palygorskite varieties, Mn” " -palygorskite and Mn?> " -ferropalygorskite
are worthy of note (Semenov, 1969). Two new minerals, yofortierite (Perrault et al.,
1975) and tuperssuatsiaite (Karup-Moller and Petersen, 1984), have been accepted as
belonging to the palygorskite group. The former contains a high percentage of Mn?>*
and a definite quantity of Zn>" substituting for AI>*. The latter can be considered a
Na "—Fe* " -palygorskite.

The name attapulgite (for palygorskite), still widely used in industry and for
deposits, was given by de Lapparent (1935) to a clay mineral found in fuller’s earth
from Attapulgus, Georgia, USA, and Mormoiron, France. Although ‘attapulgite’ is
well established in industrial and trade circles because of the commercially available
‘attapulgite clays’ from the USA, the name ‘palygorskite’ has priority and should be
used in preference (Bailey et al., 1971).
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