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POLYMORPHISM OF THE KAOLIN MINERALS

S. W. Barrnu, Department of Geol'ogy, University oJ Wisconsi'n,
Mad,ison 6, Wisconsin.

ABSTRACT

The polymorphism of the kaolin minerals is analyzed in terms of two factors: 1) direc-

tion and amount of interlayer shift, and 2) location of the vacant octahedral site in suc-

cessive layers. Kaolinite and dickite have the same interlayer shift of -|or when referred

to a standard layer orientation. The two structures difier only in regard to the distribution

of the vacant cation site in successive octahedral sheets and the consequences of this

distribution in terms of symmetry, layer distortion, and Z-axis periodicity. In well-

crystallized kaolinite the vacant site is the same in each layer. The structure is triclinic

and may be right-h-anded or left-handed, because either of two octahedral positions, related

by a mirror plane in an undistorted monoclinic structure, may be vacant. In dickite the

vacant site alternates between these two positions in successive layers, creating a two-layer

monoclinic superstructure that is a regular alternation of right- and left-handed kaolinite

layers. Comparison of the two structures is facilitated by changing the standard orientation

of the dickite unit cell to correspond to that of kaolinite. The interlayer shift in nacrite is

]b1 relative to the same axes as for kaolinite and dickite. The layer sequence is that of a

6R polytype, but the pattern of vacant sites reduces the symmetry to Cc and allows selec-

tion of a smaller two-layer unit cell. A modified system of polytype notation is suggested

for describing the kaolins and other minerals in which the actual Z-axis periodicity or

crystal system difiers from that of the ideal trioctahedreal polytype as a result of cation

or vacancy ordering.

INrnooucrIoN

The descriptions in the literature of the individual kaolin structures do
not attempt to analyze the relationship of the sequence of interlayer shifts
in one mineral to those in the other two. An understanding of the relative
Iayer sequences is necessary, however, if one is to appreciate fully the
structural reasons for the polymorphism of the kaolins.

The polymorphism is most easily analyzed in terms of two factors: 1)

the direction and amount of the interlayer shift, and 2) the location of
the vacant octahedral site in successive layers. The similarities and differ-
ences in the structures of the three minerals caused by these two factors
can be summarized by reference to their f-ray powder patterns. Kaolinite
and dickite have identical interlayer shifts and give powder patterns that
are similar with respect to most of the stronger reflections. The difiering
location of the vacant octahedral site in the two structures governs the
symmetry and the Z-axis periodicity of each mineral and accounts for the
observed differences in the powder reflections of medium to weak inten-
sity. Nacrite has a sequence of interlayer shif ts that is entirely different
from that in kaolinite and dickite, and its powder pattern is also markedly
different.

Hendricks (1938) first showed the importance of interlayer hydrogen
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bonds in governing the permissible positions of successive kaolin layers.
Figure 1 i l lustrates an ideal trioctahedral 7 A layer in which octahedral
hydroxyl ions at the top ot the layer are paired with tetrahedral oxygens
at the base of the overlying layer. This OH-O pairing results in the for-
mation of long hydrogen bonds, approximately 3.0 A between the anion
centers, that hold the neutral layers together. Hydrogen bond arrange-
ments similar to that shown in Fig. 1, although differing in detail, can be
formed by several different positions of the layers relative to one an-
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Frc. 1. Normal projection onto (001) of an undistorted 7 A layer of space grorp Cm.
The three possible octahedral sites, only two of which are occupied in kaolins, are labeled
A, B and C. The second layer has been shifted by -ior, as in kaolinite and dichite, to
provide long hydrogen bonds between the paired OH and O atoms at the layer interface.

other. These wii l be described here in terms of shif ts and rotations of the
upper layer relative to a fixed initial layer.

If the initial layer is oriented as in the first layer of Fig. 1, making no
assumption as to the distribution of the two aluminum cations and one
vacancy over the three available octahedral sites, interlayer hydrogen
bonds will result from the following three layer sequences.

1) No shift of the succeeding layer. The hexagonal, or ditrigonal, SioO:r rings in ad-
jacent layers may be either exactly superimposed or rotated by +z(60") relative to one
another.

2)  Shi f tof  thesecondlayerby -$aalongoneof thethreepseudohexagonalX-axesof
the initial layer, with or without a rotation of the second layer by +n(60o). A shift along
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the positive X direction does not lead to pairing of oH-o anions for the orientation

defined in Fig. 1.
3) Shift of the second iayer by *]b along one of the three pseudohexagonal Y-axes of

the initial layer, with or v'ithout a rotation of the second layer by +n(60').

If the three sorts of stacking-sequences above are not intermixed, it can

be shown for trioctahedral 7 A layer sil icates that there are twelve pos-

sible polytypes having regular Z-axis periodicit ies between one and six

layers, plus four enantiomorphs (Bailey, in preparation). For diocta-

hedral 7 A layers there are many more regular polytype possibil i t ies

(Zvyagin, 1962), but Newnham (1961) has concluded that certain layer

sequences are favored as a result of the effects of cation-cation superim-

position and of the distortion of the layer due to the position of the vacant

site. The most stable dioctahedral structures turn out to be those of

kaolinite, dickite and nacrite. Radoslovich (1963) has reached a similar

conclusion based on consideration of the directed nature of the interlayer

hydrogen bond for dioctahedral compositions.

Keor,rwnr AND DrcKr[E

The structure of kaolinite was established originally by powder meth-

ods (Brindley and Robinson, 1946; Brindley and Nakahira, 1958) and

Iater refined by single crystal x-ray and electron diffraction techniques
(Drits and Kashaev, 1960;Zvyagin, 1960). The structure of dickite, for

which larger and more perfect crystals can be obtained, has been deter-

mined in considerable detail by Newnham and Brindley (1956) and by

Newnham (1961).

Analysis of the structures shows that kaolinite and dickite have iden-

tical layer sequences in which each layer is shifted by -lav as defined in

Fig. 1, relative to the layer below. The two structures differ only in re-

gard to the distribution of the vacant cation site in successive octahedral

sheets and the consequences of this distribution in terms of symmetry,

layer distortion and Z-axis periodicity. This means that if the two min-

erals were trioctahedral, rather than dioctahedral, they would be iden-

tical. They would have a one-layer monoclinic (1M) structure with B
:104' and space group Cm, as in the monoclinic form of 7 A chamosite

descr ibed by Br indley (1951).
The kaolinite unit cell is similar in shape to that of its trioctahedral

analogue, 1M chamosite, but is distorted slightly to tricl inic geometry.

The three possible octahedral sites, only two of which are fi l led in the

kaolin minerals, are labeled in Fig. 1 as A, lying on the mirror plane of the

id,ealCm structure, and B and C, lying on opposite sides of the mirror

plane. Brindley and Robinson (1946) chose c as the vacant site in kao-

Iinite, whereaszvyagin (1960) and Drits and Kashaev (1960) chose site



KAOLIN POLYMORPHI.SM 1199

B. The two structures so defined are mirror images of one another and are
not distinguishabie by the methods used. Choice of either B or C as the
vacant site imposes tricl inic symmetry on the structure due to loss of the
symmetry pianes. The distortion of the unit cell to tricl inic geometry is a
separate anorthic effect, although also dependent upon the location of the
vacant site at B or C.

Figure 2 i i lustrates the pattern of vacant octahedral sites in successive
layers in kaolinite and dickite. In well-crystall ized kaolinite each layer is
identical and has octahedral site C (or B) vacant. In dickite the vacant
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Frc 2. Normal projection onto (001) of the octahedral portions of three layers (labeled

1,2, 3) ol the kaolinite and dickite structures, showing distribution of cations and vacancies
over the A, B and C octahedral sites. In both structures each layer is shifted by -*ot

relative to the layer below. The projected Z-axis vector is shown as a solid line arrow.
l'or dickite the cation distribution may be interpreted as related by an z-glide plane or
by a c-glide plane, depending on definition of the Z-axis vector. Two sets of octahedral
positions, separated by ab are shown in layer 3 to illustrate the two choices for theZ-axis
vector in dickite.

site alternates between C and B in successive layers to create a two-layer
structure. The alternation of vacant sites in dickite tends to balance the
stress distribution in the two layers so that the cell 'shape remains mono-
clinic. The pattern of vacant sites also creates c a\dn giide pianes paral-
lel to (010) and changes the space group to Cc. Thus, dickite can be con-
sidered as a regular alternation of right- and left-handed kaolinite layers,
in one sense, or as a superstructure of the ideal 1M poiytype due to a
particular ordering pattern of octahedral cations and vacancies.
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fn poorly-crystallized kaolins it is quite conceivable that the vacancy
does not aiways occur in the same octahedral site in each layer, as in
kaolinite, or alternate regularly between two sites in successive layers,
as in dickite. Newnham (1961) has suggested that the diffraction effects
shown by certain fire clays could be interpreted as a random interleaving
of right- and left-handed kaolinite crystals, i.e. random choice of C or B
as the vacant site in different layers.

The description presented in this paper emphasizing the similarity in
the layer sequence and the difference in the vacant site distribution in
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Frc. 3. Two alternative 2Jayer cells for dickite shown in relation to a group of six
kaolinite unit cells in the (010) plane. The values of the B angles are only approximate.
An orthogonal 3-layer cell, as described for "monoclinic kaolinite," is also shown.

the kaolinite and dickite structures has not appeared elsewhere in the
literature, to the writer's knowledge, and does not seem to be generally
recognized. One reason may be that the dickite unit cell selected by
Newnham and Brindley (1956) and by Newnham (1961) is not easily
comparable with that of kaolinite. Figures 2 and 3 show that the Z-axis of
dickite is inciined in the opposite direction to that of kaolinite, i.e. along
*Xr as defined in Fig. 1, and opposite to the direction of interlayer shift.
This gives a p angle of approximately 97", corresponding to a unit cell
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slope of f I o1 per layer in terms of the axes of Fig. 1, but measured in a
direction opposite to that of the actual structural shift, which is -]o1

per layer.
It is proposed here that the standard orientation of the dickite unit cell

be changed to correspond to that of kaolinite. This proposal has the ad-
vantages that it wil l facil i tate comparison of the two structures and that,
by having Z inclined in the direction of interlayer shift, i t provides a more
realistic relationship between the unit cell and the layer sequence. The B
angle is then a direct function of the amount of interlayer shift. The
writer believes that these advantages outweigh the disadvantages of
using a larger B value and of deviating from the morphological cell chosen
by Miers (inDick, 1888). Figure 3 compares the kaolinite unit cell with
the present and the proposed unit cells for dickite.

The new unit cell would change B from 96" 44' (Newnham, 1961) to
103o 35'and c f rom 14.424 Fr to t+.750 A.  F igo. .26 i l lust rates the geo-
metric fact that redefinit ion of the Z-axis direction and repeat distance
changes the n-glide plane in the present axial orientation to a c-glide plane
in the proposed orientation. Similarly, the c-glide plane changes to an n-
glide plane. Convention requires that the origin in the new cell be shifted
by f,futo keep it on a c-glide plane, and it is convenient to move the origin
in the direction that will place it approximately at the center of a ditri-
gonal ring, as in Fig. 1 and in the Brindley and Robinson structure of
kaolinite.

The matrix for the direct transformation from the old unit cell to the
proposed cell for axes and Miller indices is given below (International
Tables,  Vol .  I ,  p .  15-17) .

at2 y2 22

T k z b z

4 l z c z

0 1 0

1 0 1

The matrix of the inverse transformation II is the same as I so that the
new atomic coordinates can be obtained by reading matrix I top to
bottom as indicated, taking care to subtract { from the y coordinate to
take into account the origin shift. The new coordinates are listed in Table
1. A powder pattern indexed on the new cell is given in Table 2.
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1 Data from Nervnham (1961) transformed to 12: -xt|_ztl yz: -yrl/4; z2:zr. New
cellhas o:5 150 A, 6:8.940 L, c:14.736A, and B: 103o35'.

MoNocrrNrc Keor,rNrrs

A one-layer structure analogous to kaolinite but with octahedral site A
vacant would belong to the monoclinic space group Cm, as noted by
Gruner (1932), and it is tempting to speculate that this may be the
structure of the "monoclinic kaolinite" from Yugoslavia described by
Krstanovic and Radoievic (1961). Alth-ough originally described relative
to a large orthogonal cell with c:21.5 A and Bczggo, this is probably not
the smallest cell possible. The only two permissable monoclinic space
groups for 7 A layer sil icates are Cm and Cc, and the smallest unit cells
for these two space groups contain one and two layers respectively. It
should be possible, therefore, to select a smaller monoclinic-shaped cell
with c:7 .37 A and Bczlg4o for the Yugoslavia material, as in Fig. 3, if the
proposed structure is correct. Approximate structure amplitudes, d-
values, and powder intensities to be expected for this structure are given
in Table 3. A layer distorted to a degree intermediate between that re-
ported for dickite (7.3" tetrahedral rotations) by Newnham (1961) and
that found for kaoiinite (11.1o rotations) by Drits and Kashaev (1960)

has been used as a model for the intensity calculations. Unfortunately, no
published data are available for comparison purposes. An alternative
would be an average structure in which the vacant site is distributed at
random over the three possible octahedral positions.

NecnrrB

The structure of nacrite that is presently accepted was determined by
Hendricks (1938). It is described as a six-layer structure with 0 close to
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90o. The space group is Cc, although there are only a few deviations from
a pseudo-space group of R3c. Relative to the orientation of Fig. 1, each
layer is shifted by $ Dr and alternate layers are also rotated by 180'. This
is an entirely different layer sequence from that in kaolinite and dickite.
Another significant difference is the interchange of the conventional X-
and Y-axes of layer silicates. The glide planes of space group Cc in this
case are found to be normal to the 5.1 A axis, which is normally X but now
must be labeled Y. Hendricks accounted for the similarity to the pseudo-
space group R3c by fixing the coordinates of all atoms except the octa-
hedral Al according to R3c requirements. The AI atoms were positioned
according to requirements of space group cc. This amounts to a partial
filling of the general position of space group R3c, as Cc is a subgroup of
R3c.

Several years ago the writer made a single crystal study of nacrite in
connection with the discovery of the mineral in iron ore at the Tracy
mine in upper Michigan (Bailey and Tyler, 1960). It was determined that
the space group is Cc and that the conventional X- and y-axes are inter-
changed, in agreement with Hendricks, findings. Ilowever, the smallest
unit cell is of monoclinic shape and contains only two kaolin layers. Two
alternative two-layer unit cells exist, exactly as in the case of dickite,
with B values of approximately 100" and 114". The Z-axis is inclined in
the direction of structural interlayer shift in the unit cell with p:II "
and is inclined in the opposite direction in the cell with 0ry100.. The
former unit cell is preferred, therefore, and has been used for indexing the
powder pattern listed in Table 4. This pattern supersedes that given by
Bailey and Tyler (1960), in which small amounts of dickite impurity were
Iater detected.

Discovery of the two-layer nature of nacrite does not mean that Hen-
dricks' six-layer structure is incorrect, only that it can be described on the
basis of a smaller unit cell, a fact also recognized by Newnham (1961).
The calculated powder intensities given in Table 4, computed on the
basis of layers distorted in the same manner as in dickite but stacked
in the sequence postulated by Hendricks, agree closely with the observed
intensities. This means that the layer sequence is that of a true six-layer
structure, which would have rhombohedral symmetry R3c if triocta-
hedral (6R). The pattern of vacant octahedral sites causes the loss of the
three-fold axes, reducing the symrnetry to Cc, and allows selection of an
alternate z-axis that has true two-layer periodicity. Another interesting
feature of the structure is that B deviates from the relation cos-r [- 2a/ 3c]
by 1*", so that the interlayer shift is slightly, but significantly, greater
than }o per layer (where a=8.9 A;. Oickite, on the other hand, has an
interlayer shift almost exactly ]o per layer (where oszS.1 A).
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At the present time a three-dimensional refinement of the nacrite
structure is being carried out in collaboration with I. M. Threadgold.
Further comment on nacrite is reserved unti l completion of this refine-
ment.

PolyrypB Svuror,s

Smith and Yoder (1956) have used structural symbols, such as 1M,
2M1, and 3T, to designate the Z-axis periodicit ies and the crystal systems
of mica polytypes having different stacking sequences of 10 A layers.
Their polytypes were derived for trioctahedral compositions, but have
proved valid for the dioctahedral micas as well. No example is yet known
of a mica for which the layer periodicity or the space group is changed
from that of the ideal polytype as a result either of location of the vacant
octahedral site, if dioctahedral, or of cation ordering. In the kaolin
minerals, however, the location of the vacant octahedral site has caused
a reduction of the ideal symmetry in all three minerals and a change in
the layer periodicity in two of the three.

The writer believes that a modification of the standard polytype nota-
tion is desirable for describing structures in which the actual Z-axis
periodicity or crystal system differs from that of the ideal trioctahedral
polytype as a result of cation or vacancy ordering. A considerable gain
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in clarity and in structural detail can be obtained in such cases by a nota-

tion that relates the actual structure to that of the ideal polytype' The

symbol of the ideal polytype has special structural significance because it

refers to the specific sequence of interlayer shifts used in the derivation of

the polytype, thus defining the positions of all atoms in the structure to a

first approximation. Cation or vacancy ordering taking place within the

structural framework provided by a given layer sequence is a secondary
structural effect, although it may have a very drastic effect on the result-
ing size, shape and symmetry of the unit cell.

A suggested procedure is to list two symbols, first the symbol appro-
priate to the actual structure and then, in brackets, the symbol of the

ideal trioctahedral polytype with a subscript attached, such as [1M1] or

[2Mr-".u1, to indicate that it is ordered. Only one symbol is necessary if

the ordered structure retains the periodicity and symmetry of the ideal
polytype. The notation for the three kaolin minerals under this procedure
would be:

kaolinite
dickite
nacrite

trc [ tMo]
2M [ lMo]
2M [6Rol

Zvyagin (1962) has made a systematic study showing that it is possible

to derive a total of 52 regular dioctahedral 7 A polytypes with Z-axis
periodicit ies between one and six layers. Zvyagin's system of notation is

inconvenient because it gives the same symbol to all unit cells of the same
size, shape and symmetry without regard to their different structures.The
system of notation suggested in this paper takes the difiering structures
into account by incorporating the symbol of the ideal polytype, as illus-
trated below for Zvyagin's eight two-layer monoclinic polytypes of space
group Cc.

Zvyagin

Notmber
I,3
I,4
IV,3
IX,1
v,4
tI,2
rrl,l
V,1

Symbol

2Mr
2Mt
2Mt'
2Mt'
2Mz
2Mz
2M,,
2Mz'

Suggesteil Symbol
2Mr
2M [ lMo]
2M [2Tol
2M [1To]
2Mz
2M [6R01
2M [zHr-.a]
2M [20.]

The suggested notation restricts the use of number subscripts to sym-
bols of the ideal polytypes. This keeps subscripts at a minimum and, in
particular, reserves the symbols 2Mr and 2Mz for the theoretical 2Mr
and 2Mr 7 A polytypes, whose interlayer shifts are analogous to the
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shifts within the octahedral sheet in the mica polytypes of the same
designation.

It is essential in the suggested notation that the symbols of the ideal
7 A polytypes, some of which are used above, be defined relative to a se-
quence of interlayer shifts. A systematic derivation and the proposed
nomenclature will be given in a separate paper (Bailey, in preparation).
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