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Abstract—The crystal structure of nacrite from Pike’s Peak district, Colorado, has been refined by
least squares and electron density difference maps utilizing ten levels of data. Complete refinement
was inhibited by thick domains involving «/3 interlayer shifts in the “wrong direction”. The ideal
structure is based on a 6R stacking sequence of kaolin layers. in which each successive layer is
shifted relative to the layer below by —4 of the 8-9 A lateral repeat. This direction is X in nacrite,
contrary to the usual conventlon for layer silicates. because of the positioning of the (010) symmetry
planes normal to the 5-1 A 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
2-layer form with an inclined Z axis.

Adjacent tetrahedra are twisted by 7-3° in opposite directions so that the basal oxygens approach
more closely both the Al cations in the same layer and the surface hydroxyls of the layer below.
Interlocking corrugations in the oxygen and hydroxyl surfaces of adjacent layers run altemately
parallel to the [110] and [110] zones in successive layers. The upper and lower anion triads in each
Al-octahedron are rotated by 5-4° and 7-0° in opposite directions as a result of shared edge shortening.
Nacrite has a greater interlayer separation and smaller lateral dimensions than dickite and kaolinite,
and the observed 8 angle deviates by 13° from the ideal value. These features, as well as its overall
lesser stability, are believed due to the less favorable positioning in nacrite of the basal oxygens

relative to the directed interlayer hydrogen bonds.

INTRODUCTION
DETERMINATION of the crystal structure of nacrite.
the rarest polymorph of the kaolin group, was first
attempted by Gruner (1933). On the basis of X-ray
powder data from material near Brand, Saxony.
Gruner proposed a monoclinic structure of space
group Cc, in which four kaolin layers are super-
posed on (001) to give a ¢ sin 8 repeat dimension
of 4x7-16=28-64 A. A 8 angle of 91°43’ was
determined by trial and error to give the best fit
between observed and calculated d-values and
intensities.

Hendricks (1939) next proposed a 6-layer
monoclinic structure on the basis of a more
detailed single crystal X-ray study of well crystal-
lized nacrite from St. Peter’'s Dome of the Pike’s
Peak district, Colorado. In this structure the 6
kaolin layers are superimposed according to the
requirements of the rhombohedral space group
R3c. The 12 Al atoms and 6 vacant octahedral
sites in the unit cell. however. are distributed
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in such a way as to destroy the 3-fold axes and to
reduce the overail symmetry to the monoclinic
subgroup Cc. The geometric distortion from a
rhombohedral- or trigonal-shaped unit cell is very
slight, however, as judged by the proposed B
angle of 90°20'+10’. An unusual feature of the
Hendricks’ structure, and different from the Gruner
structure, is the interchange of the X- and Y-axes
that is required by the orientation of the (010)
symmetry planes normal to the 5:14 A repeat
direction.

Bailey (1963) confirmed the Hendricks’ struc-
ture on the basis of additional single crystal X-
ray study, but pointed out that the pattern of vacant
octahedral sites in the structure permits the selec-
tion of two alternate Z-axes, both of which have
true two-layer periodicity. The preferred 2-layer
unit cell. in which the Z-axis is inclined in the
direction of structural fayer shift. has a g8 angle
= 114°. A 2-layer cell with 8 = 100° is obtained if
Z is inclined in the opposite direction. An entirely
different 2-layer structure. based on a sequence
of interlayer vector shifts like that in the 2M,
mica structure and having the same space group
and unit cell shape as observed for nacrite, was
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specifically excluded as the correct structure for
nacrite on the basis of comparison of observed
and calculated intensities. The present paper
reports a 3-dimensional refinement of the nacrite
structure.

EXPERIMENTAL

Nacrite, believed to have been formed by the
hydrothermal alteration of microcline (Cross and
Hillebrand. 1885) in a large vein from the Eureka
Tunnel. St. Peter’'s Dome. Pike's Peak. Colorado.
was obtained from the U.S. National Museum
{cat. no. 83593) through the courtesy of Dr.
George Switzer and Dr. Paul E. Desautels. All
the experimental data were obtained from two
platy crystals about 0:70x0-50%0-02 mm and
0-35 % 0-35 X 0-02 mm in size. These were the best
of a large number of crystals examined. Cell
parameters obtained from the second crystal by the
6 method of Weisz, Cochran. and Cole (1948)
are a=8909+2. b=5146x1. c =15697%2 A.
and = 113°42" =£5'.

Chemical analysis of the Eureka Tunnel nacrite
(originally called kaolinite) by Cross and Hille-
brand (1885), after subtraction of 0-68 per cent
CaF,. gives SiO, 46:22%. Al,0; 39-92%. and H,O
13-86%. These values compare very favorably with
the theoretical composition for nacrite of SiO,
46-55%, Al,O,39-49%, and H,0O 13-96%.

Intensity data from crystal No. 1 were obtained
for six levels along Z by use of anti-equi-inclina-
tion and equi-inclination Weissenberg techniques.
Multiple film packs were used with MoK« radia-
tion. After loss of crystal No. 1. zero- and first-
level data were obtained along X and along Y
from crystal No. 2 with multiple film packs and
CuKa radiation. The intensities were measured
visually by comparison with multiple film pack
intensity scales prepared from each crystal for
the radiation involved. All intensities were correc-
ted for Lorentz-polarization effects. The data from
crystal No. 2 were also corrected for absorption.

The quality of the intensity data is not as high
as for other layer silicate structures reported from
this laboratory. Although crystal No. 1 gave
reasonably sharp spots. it was twinned in such a
manner that overlap was a problem for the general
reflections. Crystal No. 2 was apparently untwinned
but considerably less perfect. The elongate.
streaked reflections deteriorated rapidly in quality
for higher levels so that only the zero- and first-
level data were usable. Although a total of 714
non-equivalent reflections of measurable intensity
were recorded from the two crystals combined.
the data are not of equal quality and were not all
used in all stages of the refinement.
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REFINEMENT

The first stage of refinement utilized only the
data obtained from crystal No. 1. A total of 454
reflections, including 57 unobserved values, was
used in a full matrix least squares refinement test
of the two most probable structures. The x and z
parameters of one Si atom were held constant in
order to fix the origin within the acentric space
group Cc. Scattering factors appropriate for 50
per cent ionization were used, and the temperature
factors found by Newnham (1961) for the dickite
structure were inserted as non-variant values. After
four cycles for each structure it was apparent
that there was good agreement between observed
and calculated structure amplitudes for the
Hendricks’ model, treated as a 2-layer structure,
and much poorer agreement for the 2M, polytype.
Further refinement of the latter structure was
discontinued.

After several additional cycles. in which the re-
flections were weighted according to the estimated
reliability of the intensity measurements, the
Hendricks’ structure converged to a reliability
factor of 10 per cent compared to its initial value
of 29 per cent. Attempts to refine the temperature
factors were unsuccessful because several values
tended to become negative.

Despite the favorabie reliability factor at this
point. bond length calculations suggested addi-
tional refinement was desirable. It was at this point
that the data for 360 more reflections from crystal
No. 2 were collected and used in additional least
squares cycles, both as a separate set of data and
as combined with the data from crystal No. 1.
Several weighting schemes were used. including
that of Cruickshank (1965). The best results in
this second stage of refinement were obtained with
the combined data, for which a final reliability
factor of 10 per cent was achieved. Bond length
calculations, however, again showed more internal
inconsistency than should be obtained with the
number of reflections used. Three-dimensional
electron density XY sections showed the presence
of extra electron density peaks displaced from the
peaks of the true atomic positions by shifts of
al3 (along the 89 A repeat direction). The extra
peaks are approximately % the height of those
of the regular atoms. The net effect is the creation
of ridges of undulating but continuous electron
density parallel to true X within those sections in
which the atoms do not already repeat at intervals
of «/3. This has apparently biased the least square
refinement by displacing the atomic positions along
X toward the extra peaks.

Final refinement of the structure was accom-
plished by a series of three-dimensional electron
density difference maps, from which the visible
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satellite peaks were subtracted. The resulting bond
lengths are internally consistent and compare well
with those of other layer silicates. The final
atomic positions are listed in Table | and the result-
ing bond lengths and angles in Table 2. It is
difficult to assign accuracy values to the final
atomic positions and bond lengths because of the
unknown influence of the extra electron density
peaks that could not be subtracted from the

Table 1. Refined atomic coordinates

of nacrite
Atom x y z
Al 0-1582  0-3389 0-2202

Al, 0-5004  0-3248 0-2199
Si, 0-2022  0-4789 0-0311
Si, 0-3699 —0-0139 0-0310
O, 0-2411  0-7499 —0-0041

O, 0-2765  0-2559 —0-0152
Oy 0-0042  0-4569 —0-0148
Oy 0-2780  0-4360 0-1431
O; 0-4570  0-0158 0-1422
(OH), 0-0953  0-0201 (-1488
(OH), 0-5585  0-6398 0-2882
(OH), 0-1873  0-6289 0-2850
(OH), 03728 0-1845 0-2842

difference maps because of superposition on
regular atoms. By comparison with other layer
silicate structures. it is estimated that the accuracy
of the bond lengths is approximately +=0-02 A.
Thus, all except minor features of the structure
can be considered to be essentially correct.

DISCUSSION

Domain structure

The extra electron density peaks are not diffrac-
tion ripples, because they do not appear along the
two pseudo X-axes that have atomic sequences
nearly equivalent to that along true X. Also. the
peaks disappear in difference maps in which 4
atoms are assumed to lie at the satellite positions.
The extra peaks are interpreted as evidence for the
presence of domains in the crystal in which there
are regular interlayer shifts of «/3 along true X
in the ‘““wrong direction”, i.e. along + X. In this
sequence of layers, shifts of «/3 along both — X
and + X are feasible because they both lead to
pairing of O and OH across the interlayer space.
The domains cannot be thin units randomly inter-
stratified within the normal stacking sequence be-
cause there is no preferred broadening or streaking
of k # 3n reflections. It is probable that the bound-
aries between domains can be considered as twin
planes. but no definite proof of this is available.
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The evidence requires superposition of two in-
coherent sets of diffraction data, perhaps accounting
in part for the poor quality of the observed reflec-
tions. In the rest of the discussion, only the details
of the normal structure will be mentioned.

Stacking sequence of layers

The nacrite structure is based on a 6R stacking
sequence of kaolin layers, in which each successive
layer is shifted relative to the layer below by 3§
of the 89 A lateral repeat along the — X direction
of the resultant unit cell. Alternate layers are also
rotated by 190° (Fig. 1). This is an entirely different

K—8:909 A —

Fig. 1. Layer sequence in nacrite. Each layer is shifted

3 of the 8:9 A lateral repeat relative to the layer below.

Alternate layers (hatched) are rotated 180°. Axes for 6-

tayer cell of Hendricks are at left. those of present paper
for 2-layer cell with 8 = 114° are at right.

layer sequence from that found in kaolinite and
dickite. for _both of which the layer shifts are
% of the 5-1 A lateral repeat and in which the layers
are not rotated. If nacrite were trioctahedral, it
would belong to space group R3¢ and would have
6-layer periodicity. Because the individual nacrite
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Table 2. Final interatomic bond lengths and angles
Si,—0O, 159 A Si,—0, 161 A AlL—O, 197A Al,—O, 195A
0, 163 0, 163 0, 194 0, 195
0, 162 0, 163 (OH), 1-94 (OH), 193
0O, 163 ) 0, 161 (OH), 193 (OH), 1-90
Mean* 1-618 A (OH);, 177 (OH); 1-86
(OH), 194 (OH), 1-94
Around Si, Around Si, Mean 1918 A
0,—0, 258A 0,—0, 2-64A
! O; .54 ! 0; 2.64 Around Al Around Al, Around Vacancy
0, 273 0; 270 0,—0; 288 A 269 A 339 A
0,—0; 264 0,—0; 2-54 % (OH), 2.71 2.83 3.44
O, 2:65 O; 2:65 = 0;—(OH), 2:82 2-86 3.27
0,—0, 269 00 268 B} OoH,—©OH), 277 288 329
Mean 2-640 A s (OH), 2.84 2.85 3.24
3 | (OH)—(OH), 2-82 . 281 330
Mean 2813 A 3321 A
Interlayer bonds
0,—(OH), 3-06 A T O, —(OH) 2-41 2:41
0,—(OH); 297 2 | § O,—(OH) 2:42 2-42
0,—(OH), 298 _ 2 | £ (OH),—(OH), 2-42 242
Mean 3-002 A ©
g o Mean 2416 A
o |3 0,—(OH), 2-84 282 0,—(OH),
) A
8 |§ O—(OH) 2-85 276 05— (OH),
2 (OH),—(OH), 267 . 281 (OH),—(OH),
< Mean 2-792 A
Tetrahedral angles Octahedral angles
0,—Si,—0, 106-1° 0,—Si,—0, 108:9° (OH),— O,— O, {1;’33
0, 104-9 0, 1091
0, 1162 O; 1142 168-3 .
0,—Si,—0; 108:5 0,—Si,—0; 1025 (OH),—0;—0, {73.5 '°“(V7"j{);f,‘)ad
0, 1086 0, 1098 0r—(OH)—0 {166-3
0,—Si,—0, 112-1 0,—Si,—0; 1116 4 TS 1 738
109-39° 1699
Mean oser  (©OHx—OH,—©m), {1707
$i,—0,—Si, 140-3 0,—0,—0, {134_3 .
168-0 upper triad
0, 1287 0.—0,—0 {]04-6 (OH),—(OH);—(OH), {71.0 (5-43°)
0, 1312 ! * 1357
169-4
Mean 133-39° 106-3 (OH),—(OH),—(OH),
—0:—0: {133 70-7 |

Mean tetrahedral twist = 7-27°

Mean octahedral twist = 6-22°

* All mean values calculated using one decimal place more than quoted for individual values.

layers are distorted so that they are only pseudo-
ditrigonal (e.g. compare any of several pseudo-
symmetric angles in Table 2, such as the basal
oxygen interangles of 104-9°, 104-6°, and 106-3°), it
can be verified that the hexagonal rings of alternate
tayers are rotated 180° rather than + 60°. The vacant

octahedral sites are not in the same positions in
each layer, however, and they can be described as
rotating = 60° between layers. It is the pattern of
vacant sites in succesive layers (Fig. 2) that
reduces the symmetry to Cc and permits descrip-
tion of the structure as a 2-layer form with an
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Xy

a/3 0/3

Fig. 2. Pattern of vacant octahedral sites in successive

nacrite layers. The second layer is rotated 180° relative

to the layers above and below. The vacant site {(dashed

open circle) changes position within each group of three

octahedral sites so that it can be described as rotating

+60° between layers. This creates true 2-layer period-
icity along the inclined Z-axis.

inclined Z-axis. A similar deviation of the observed
symmetry from that of the parent trioctahedral
layer sequence (1 M) is also found for both kaolinite
and dickite as a consequence of the patterns of
vacancy ordering adopted in these minerals (Bailey.
1963) The directions usually designated X and Y
in layer silicates (¢ = 51, b = 89 A) are reversed
in nacrite (¢ = 89. b=35-1 A) because the (010)
symmetry planes are positioned normal to the 5-1 A
repeat direction.

Structure of layer

The structural features within each nacrite layer
are similar to those found in other dioctahedral
layer silicates. The mean Si—O bond length is
1-618 A and the mean Al—O, OH bond is 1-918
A. Shared edges between octahedra are apprec-
iably shortened so that the octahedral sheet is
thinned and the vacant octahedral site is enlarged
(Fig. 3, Table 2). The upper and lower anion triads
in each Al-octahedron are rotated by 5-4° and
7-0° in opposite directions as a result of shared
edge shortening so that the arrangement of oxygens
at the octahedral-tetrahedral interface is distorted
as shown in Fig. 4.

Each distorted oxygen hexagon in Fig. 4 contains
4 shortened and twisted edges that belong to
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Fig. 3. Relative sizes of occupied (shaded) and vacant
(open) octahedra in nacrite.

occupied Al-octahedra and two elongate edges
that belong to vacant octahedra. Each oxygen
shown must also serve as an apical oxygen in the
tetrahedral sheet below. ldeally the distance be-
tween adjacent apical oxygens should be about
3-1 A for a tetrahedral sheet containing only Si
atoms. The tetrahedral sheet can compress its
lateral dimensions readily to fit the shorter (2-8 A)
octahedral edges by the mechanism of tetrahedral
rotation (Radoslovich and Norrish, 1962). In
nacrite adjacent tetrahedra have rotated in opposite
directions by an average angle of 7-3° (Fig. 5).
The tetrahedra can adjust to the longer (3-3 A)
edges around the vacant sites only by a tilting
mechanism in which two apical oxygens (O, and
O;) move apart and the bridging basal oxygen
(O,) between the two tetrahedra involved buckles
upwards by about 02 A. Radoslovich (1963)
has pointed out that the direction of movement
of the buckled basal oxygen is also a direction
of easy relief from the compressional forces due
to tetrahedral twist. as it is toward the vacant
octahedral site. In Fig. 4 an upward-buckled
basal oxygen (O,) lies under the mid-point of each
elongate octahedral edge so that parallel. linear
corrugations are formed in the basal oxygen sur-
face. These corrugations run alternately parallel
to the [110] and [110] zones in successive nacrite
layers.
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Fig. 4. Distorted apical oxygen network at the tetrahedral-octahedral interface in nacrite.
Corrugations in the basal oxygen surface run perpendicular to the elongate vacant site
edge (3-39 A) shown in heavy line.

In addition to the basal oxygen surface. the upper-
most hydroxyl surface is also corrugated due to
the elevation of (OH), above the level of (OH),
and (OH),. This corrugation has a different origin.
It represents a tendency to minimize the length
of the tong hydrogen bond across the interlayer by
fitting (OH), to the buckled basal oxygen O,.
Elevation of (OH), is opposed by the tendency to
shorten the diagonal shared edge (OH),—(OH),
between Al, and Al,. Because (OH), is not an-
chored as tightly as its neighbors, the result is a
compromise small elevation of the entire shared
edge (OH),—(OH),. (OH), is elevated only one-
third the amount of the buckling of basal oxygen
O, so that the interlayer bond 0O,—(OH), between
corrugations is still slightly longer (3-06 A} than the
other two interlayer bonds (2-97; A ave.). This
situation is also found in kaolinite and dickite.

Tetrahedral twist

Bailey (1966) has analyzed the direction of
tetrahedral twist in layer silicates in terms of the
effective forces acting on the basal oxygens. For
2:1 micas there is only one effective force. so that
the basal oxygens in both tetrahedral sheets always
rotate laterally toward the positions of the nearest
octahedral cations within the layer. In 2:1:1

chlorites and vermiculites, where long hydrogen
bonds to the basal oxygens from adjacent inter-
layer OH and H,O surfaces provide a second
influencing factor, the basal oxygens rotate to
shorten these interlayer bonds. This direction may
be toward or away from the octahedral cations in
the 2:1 silicate layer or in the interlayer sheet
for different types of layer sequences, indicating
that the interlayer bond is the dominant factor.
In 1:1 layer structures the octahedral cation in
the next layer, here considered to be below the
basal oxygen surface, provides a third factor that
proves to be the dominant force for trioctahedral
species.

In the three dioctahedral kaolin minerals the Al
cations in one layer are vertically superimposed
over the surface hydroxyl groups of the layer below.
The basal oxygens of the upper layer, which are at
an intermediate z elevation. rotate laterally to
approach more closely both the Al cations in the
same layer and the surface hydroxyl groups of the
layer below. For kaolinite and dickite these are the
only two attractive forces operative, and they pull
the basal oxygens in the same direction. Rotation
toward the Al cations in the layer below is physically
impossible because the stacking sequence of layers
positions the tetrahedral cations in the upper
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Fig. 5. Atomic positions in first layer of nacrite unit cell. Adjacent tetra-

hedra have rotated in opposite directions by 7-3° to allow the basal

oxygens (O;. Q,. Q,) to approach more closely both the Al cations in

the same layer (Fig. 5) and the surface hydroxyls of the fayer below
(Fig. 6).

layer directly over the octahedral cations of the
layer below. This is not the case in nacrite. how-
ever. and the basal oxygens deviate from the rule
observed in trioctahedral species by moving
laterally away from the octahedral cations in the
layer below. Three cooperative reasons can be
cited for this behaviour. all related to the diocta-
hedral composition.

(1) The direction of easy relief from the lateral
compression resulting from tetrahedral titt and
twist buckles the bridging oxygen O, up and
towards the vacant octahedral site, thereby fixing
the direction in which the other basal oxygens
must move (towards the occupied octahedral sites).

(2) The torque on the tetrahedral apical oxygens

as a result of shortening of shared edges between
occupied octahedra is in the right direction to
twist the tetrahedra towards these same octahedral
cations. It is assumed that torque on an apical
oxygen can twist an entire tetrahedron because of
the directed nature of the hybrid sp® bond involved.

(3) The interlayer hydrogen bonds are presum-
ably stronger in dioctahedral kaolins than in
trioctahedral species because of (a) the stronger
polarization of the hydroxyls by Al. and (b) the
more directed nature of the hydrogen bonds, in
which ideally they extend up and out from the
hydroxyls to be coplanar with the bonds to the
two coordinating Al cations below (Fig. 6). The Al
cations are slightly closer to the upper plane of
hydroxyls than to the lower apical oxygen plus
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Fig. 6. Positioning of the basal tetrahedra of second layer

(full line) on octahedra at top of first layer (dashed line).

Basal oxygens have rotated by 7-3° to shorten the nearest

O—OH interlayer contact. ldeal directions of long

hydrogen bonds from OH (coplanar with two Al—OH
bonds) shown by smali arrows.

hydroxyl plane, suggesting an asymmetric charge
distribution on the hydroxyls with the positive
charge towards the interlayer.

Stability of kaolin minerals

Newnham (1961) justified nature’s preference
for the layer stacking sequences found in kaolinite.
dickite. and nacrite on the basis of two assumptions
regarding stable configurations.

(1) The highly charged Si** and Al3* cations
tend to avoid one another as much as possible.

(2) Oxygens and hydroxyls approach one
another as close as possible to promote strong inter-
layer bonding.

Radoslovich (1963) has suggested an additional
criterion of stability, namely that the favored
layer sequences are those that minimize the angular
strains in the directed interlayer hydrogen bonds.
Kaolinite and dickite, which have the same layer
sequence. impose less angular strain on the inter-
layer bonds than is the case for nacrite, accounting
for the lesser abundance of nacrite. Figure 6 shows
that in nacrite only one basal oxygen (O;) is located
so that it can pair up ideally with a directed hydro-
gen bond. O, and O, are located so that the actual
bonds must be at right angles to the ideal directed
bonds. This must impose considerable strain on
the interlayer region and must affect the nacrite
stability adversely.
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The nacrite layer (7-186 A) is slightly thlcker
than the dickite (7-162 A) and Kaolinite (7-124 A)
layers. Within the limits of accuracy of the kaolinite
and nacrite structures, this difference appears due
to a slightly greater interlayer separation in nacrite
(2-92 A) than in dickite (2-89A) and kaolinite
(2 -84 A). This suggests that the packing of layers
is less favorable in nacrite because of the strain
in the directed interlayer bonds. 1t is tempting to
speculate that this is also the reason for the fact
that the interlayer shift is not exactly a/3 in nacrite,
so that the observed 8 angle (113°42’) deviates by
14° from the ideal value (112°14’). The thicker
layer is compensated by_a shorter lateral repeat
distance in nacrite (8-909 A) than the corresponding
repeats in kaolinite (8-932 A) and dickite (8-940 A).

Acknowledgments —-This study has been supported in
part by Grant 1176-A2 from the Petroleum Research
Fund, administered by the American Chemical Society.
and by Grants GP-4843 and GA-1681 from the National
Science Foundation. Use of the University of Wisconsin
Computing Center was made possible through support,
in part, from the National Science Foundation, other
United States Government agencies, and the Wisconsin
Alumni Research Foundation (WARF) through the
University of Wisconsin Research Committee. Apprecia-

REFERENCES

Bailey. S. W. (1963) Polymorphism of the kaolin minerals:
Am. Mineralogist 48, 1196-1209.

Bailey. S. W. (1966) The status of clay mineral structures:
Clays and Clay Minerals 14, 1-23.

Cross, Whitman, and Hillebrand, W. F. (1885) Contribu-
tions to the mineralogy of the Rocky Mountains:
U.S. Geol. Surv. Bull. 20,113 pp.

Cruickshank, D. W. J. (1965) Errors in least-squares
methods, Chap. 14 In Computing Methods in Crystallo-
graphy (Edited by J. S. Rollett): Pergamon Press, New
York.

Gruner, John W. (1933) The crystal structure of nacrite
and a comparison of certain optical properties of the
kaolin group with its structures: Z. Krist. 85, 345-354.

Hendricks, Sterling B. (1939) The crystal structure of
nacrite Al,0,.28i0,.2H,0 and the polymorphism of
the kaolin minerals: Z. Krist. 100, 509-518.

Newnham, Robert E. (1961) A refinement of the dickite
structure and some remarks on polymorphism in kaolin
minerals: Mineral. Mag. 32, 683-704.

Radoslovich, E. W. (1963) The cell dimensions and sym-
metry of layer-lattice silicates. IV. Interatomic forces:
Am. Mineralogist 48, 76-99.

Radoslovich, E. W., and Norrish, K. (1962) The cell
dimensions and symmetry of layer-lattice silicates.
I. Some structural considerations: Am. Mineralogist
47.599-616.

tion is expressed to Dr. George Switzer, Dr. Paul E.
Desautels, and the U.S. National Museum for supplying
the crystals used in this study, and to Dr. J. J. Finney
and Dr. R. A. Eggleton for computing assistance. The
participation of [.M.T. in this study was made possible
by a Fulbright travel grant.

Weisz, O., Cochran, W., and Cole, W. F. (1948) The
accurate determination of cell dimensions from
single-crystal X-ray photographs: Acta Cryst. 1,
83-88.

Résumé — La structure du cristal de nacrite de la région de Pike’s Peak, au Colorado,  été raffinée en
carrés minima et en cartes de différence de densite d’électrons en utilisant dix niveaux de données. Le
raffinement complet a été géné par des domaines épais comportant des déplacements de couches inter-
médiaires a/3 dans la “mauvaise direction”. La structure idéale est basée sur une séquence d’empile-
ment 6R de couches de kaolin, dans lesquelles chaque couche successive est déplacée relativement a la
couche inférieure par —1/3 de la répétition latérale 8-9 A. Dans le nacrite, cette direction est X,
contrairement a la convention habituelle des couches des silicates, 4 cause de la position des plans
symetrie (010) normaux par rapport a la repetition de direction 5- 1 A les couches alternatives sont
également basculees a 180°. Le modeéle de I'emplacement octaédrique vacant reduit la symétrie 4 Cc
et permet la description de Ia structure comme étant une formation & 2 couches avec un axe Z incline.

Les adjacentes tétraédriques sont détournées de 7-3° en directions opposées si bien que les
oxygeénes de base se rapprochent des cations Al de la méme feuille et des surfaces hydroxiles de la
couche inférieure. Les ondulations enchevétrées des surfaces d’oxigene et d’hyroxiles des couches
adjacentes concourent alternativement et parallélement aux zones (110) et (110) des couches succes-
sives. Les anions triades supérieurs et inférieurs de chaque octaédre A1l sont bascules de 5-4° et de 7-0°
dans les directions opposées résultant d’un raccoursissement partagé de la bordure. La nacrite posséde
une séparation de couche supérieure et des dimensions latérales inférieures a la dickite et 2 la kaolinite,
et Iangle B observé dévie de 14° par rapport a la valeur idéale. Ces caractéristiques, ainsi que sa
stabilité générale moindre, paraissent étre dues a la position moins favorable des oxygénes de base a
Pinterieur de la nacrite, comparativement aux chaines d’hydrogene situées entre chaque couche aux
liens d’entre-couches d’hydrogene.

Kurzreferat — Die Kristallstruktur von Nakrit aus dem Pike’s Peak Gebiet in Colorado wurde unter
Verwendung von zehn Datenniveaus durch Anwendung der kleinsten Quadrate und Darstellungen der
Unterschiede in der Elektronendichte geklirt. Eine vollkommene Klirung wurde durch Verdickungen
infolge von a/3 Zwischenschichtverschiebungen in der “falschen Richtung” verhindert. Die Ideal-
struktur stiitzt sich auf eine 6R gestapelte Folge von Kaolinschichten, wobei jede der aufeinander
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folgenden Schichten um —1/3 der 8,9 A seitlichen Wiederholung in Bezug auf die darunter liegende
Schicht verschoben ist. Diese Richtung ist X im Nakrit, im Gegensatz zu den sonst bei geschichteten
Silikaten iiblichen Verhaltnissen, und zwar wegen der Lage der (010) Symmetrieeben normal zu der
5,1 A Wiederholungsrichtung. Abwechselnde Lagen sind gleichfalls um 180° verdreht. Das Muster
leerstehender oktaedrischer Stellen vermindert die Symmetrie auf Cc und erlaubt es, die Struktur als
eine zweischichtige Form mit geneigter Z- Achse anzusprechen.

Benachbarte Tetraeder sind in entgegengesetzter Richtung um 7,3° verdreht, so dass die Basis-
Sauerstoffe niher an die Al Kationen in der gleichen Schicht, sowie an die Oberflichenhydroxyle in der
darunter liegenden Schicht, herankommen. Ineinandergreifende Rippen in den Sauerstoff- und Hy-
droxyloberflichen benachbarter Schichten verlaufen abwechselnd parallel zu den [110] und [110]
Zonen in aufeinander folgenden Schichten. Die oberen und unteren Aniontriaden in jedem Al-
Oktaeder werden durch gemeinsame Kantenverkiirzung um 5,4° und 7,0 in entgegengesetzten
Richtungen verdreht. Nakrit hat grossere Zwischenschichttrennung und kleinere seitliche Masse als
Dickit und Kaolinit, und der beobachtete 8 Winkel weicht um 14° vom 1dealwert ab. Diese Merkmale,
sowie die geringere Gesamtbestandigkeit des Nakrits, hiingen vermutlich mit der weniger giinstigen
Lage der Basis-Sauerstoffe in Bezug auf die gerichteten Zwischenschicht-Wasserstoffbindungen im
Nakrit zusammen.

Pesiome—Kpucrannuyeckas CTpyKkTypa HakpuTa H3 paiona [Tlaiikc Iuk (wurt. Konopano) 6uuia
YTOYHEHa C MOMOILBIO METOA2 HAaHMEHbILUMX KBAaJPAaTOB H PAa3sHOCTHLIX CHHTE30B 3JIEKTPOHHOMR
TUIOTHOCTH (MCHONB30BaHBl NAHHBIE [N OECATH ypoBHei) ITONHOMY YTOYHEHHIO CTIPYKTYPBI
OpensiTCTBOBaia Gonblias TOMLIMHA JOMEHOB C MEXCIOEBbIMH CMELUEHUSAMH a/3 B “‘HEMPaBHUIILHOM
HanpaeneHun”. VineanbHas Monesb CTPYKTYyphl OCHOBaHA Ha MOCNEAOBATENILHOCTH YNAKOBRHHBIX
o 3aKkoHy 6R KaOJIMHOBBIX C/I0€B, B KOTOPOH KaXObIH NOCNEAYIOHA C/I0K CMELLIEH NO OTHOINEHHIO
K PacnoJIOKEHHOMY HHXke Ha — 1/3 oT TpaHcnauuu 8,9 A B MIOCKOCTH CJ10si. DTO HampaBJieHHE B
HAaKpHTE ABASETCA OChIO XBONPEKH 0GbIYHOMY BBIGODY OCEi CIIONCTBIX CHIIHKATOB, TaK KaK IJIOCKOCTh
cumMmeTpud (010) nepneHaMKynsipHA K TNEpUOnY NoBTOpsAeMocTH 5,1 A. Uepenyrommecs cnou
noBepHyTH! Ha 1800 OAMH TIO OTHOLIEHHIO K APYroMy. PacmpeneneHue BAKaHTHBIX OKTa3APHYECKHX
no3uimii yMeHslaer cHMMeTpHio 10 CC M MO3BONAET OMUCATL CTPYKTYPY KaK ABYC/TOHHYIO ¢
HAaKJIOHHOM OCbiO Z,

CMexHbIE TETPadapbl MOBEPHYTHI HA 7,39 B MPOTHBOMOJIOKHBIX HANPABNEHHAX TaK, 4TO 6a3alib-
Hbl€ aTOMBI KHCIIOPOa OKa3biBaloTcs 6onee OAN3KMMHU Kak K KaTHoHam Al B TOM e ciioe, Tak ¥ K
MOBEPXHOC THAPOKCHJIOB HHXKHETO CJIOS.

IpuMbikatoLIde APYT K APYry BBICTYMbl ¥ BNAAHMHBI CONPAKACAIOLIMXCA KMCIOPOIHbIX W M-

POKCHITbHBIX CNOEB pacnonaratrorcsi napannensHo [110] u [110]. BepxuHe M HHKHHE aHHOHHblE
TpeyroJjibHble OCHOBaHMS B KaxaoM Al-oktasape moBepHyTbr Ha 5,40 u 7,0° B nIpOTHBONONOXKHBIX
HanpaeneHuax (pe3ynsrar ykopoueHus obiero peGpa). Hakpur mmeer Gonblumii MeXCHOEBOI
M MEHBIUINE 1aTepa/ibHble Pa3MePBbl, YeM IUKKHT H KaOJIHHHT; U3MEPEHHBIN YION B HAKPHTA OTKJIO-
Hietcs Ha 130 OT MmeanbHOro 3HayeHHs. DTH OCOOEHHOCTH, a TAKKE MEHBLIAS YCTOM4YMBOCTD
HaKpUTa, TO-BHAAMOMY, OOBACHAIOTCS MeHee ONaronpusATHBIM IIONOXEHMEM B €r0 CTPYKType
6a3asbHBIX aTOMOB KHCJOpona nnsi o6pa3oBaHds OPHEHTHPOBAHHBIX MEXCIIOEBBIX BOAOPOAHBIX
cBsI3el.
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