
Clays and Clay Minerals, 1969, Vol. 17. pp. 185-194. Pergamon Press. Printed in Greal Britain 
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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 iI/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 -t of the 8·9 A. lateral repeat. This direction is X in nacrite, 
contrary to the usual convention for layer silicates. because of the positioning of the (0 I 0) symmetry 
planes normal to the 5·1 A. repeat direction. Alternate layers are also rotated by 18()". 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 AI 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 alternately 
parallel to the [110] and [ITO] zones in successive layers. The upper and lower anion triads in each 
AI-octahedron are rotated by 5 -40 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 f3 angle deviates by I to 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 Ce, in which four kaolin layers are super­
posed on (001) to give a e sin f3 repeat dimension 
of 4 x 7·16 = 28·64 A. A f3 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 
R3e. The 12 AI atoms and 6 vacant octahedral 
sites in the unit cell. however. are di stributed 
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in such a way as to destroy the 3-fold axes and to 
reduce the overall symmetry to the monoclinic 
subgroup Ce. The geometric distortion from a 
rhombohedral- or trigonal-shaped unit cell is very 
slight, however, as judged by the proposed f3 
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 2-1ayer 
unit cell. in which the Z-axis is inclined in the 
direction of structural layer shift, has a f3 angle 
:; 114°. A 2-layer cell with f3 := 1000 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 2 Mt 
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 

N acrite, 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 0·70 X 0·50 X 0·02 mm and 
0·35 X 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 
() method of Weisz, Cochran. and Cole (1948) 
are a = 8·909±2. b = 5·146 ± I. c = 15·697±2 A. 
and /3 = 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 
CaFz, gives SiO, 46·22%. AlzO:l 39·92%. and H20 
13·86%. These values compare very favorably with 
the theoretical composition for nacrite of Si02 

46·55%, AlzOa 39·49%, and H 20 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 MoKU' radia­
tion. After loss of crystal No. I. 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. I gave 
reasonably sharp spots. it was twinned in such a 
mariner 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. 

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 Ce. 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 2M2 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 favorable 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. I. 
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 ~howed the presence 
of extra electron density peaks displaced from the 
peaks of the true atomic positions by shifts of 
(lj3 (along the 8·9 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 {I/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 I 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 I. Refined atomic coordinates 
ofnacrite 

Atom x y z 

AI, 0·1582 0·3389 0·2202 
AI, 0·5004 0·3248 0·2199 
Si, 0·2022 0·4789 0·0311 
Si, 0·3699 -0,0139 0·0310 
0, 0·2411 0·7499 -0,0041 
0, 0·2765 0·2559 -0'0152 

0" 0·0042 0·4569 -0,0148 
0 4 0·2780 0-4360 0'1431 
0" 0·4570 0·0158 0'1422 
(OH), 0·0953 0·0201 0·1488 
(OH), 0·5585 0·6398 0'2882 
(OH)" 0·1873 0·6289 0·2850 
(OH), 0·3728 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 ~ 
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 (1/3 along true X 
in the "wrong direction", i.e. along + X. In this 
sequence of layers, shifts of {I/3 along both - X 
and + X are feasible because they both lead to 
pairing of 0 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. I t is probable that the bound­
aries between domains can be considered as twin 
planes, but no definite proof of thi5 is available. 

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. I n the rest of the discussion, only the details 
of the normal structure will be mentioned. 

Stacking sequence of/ayers 
The nacrite structure is based on a 6R stacking 

sequence of kaolin layers, in which each successive 
layer is sh}fted relative to the layer below by ~ 
of the 8·9 A lateral repeat along the - X direction 
of the resultant unit cell. Alternate layers are also 
rotated by 1900 (Fig. I). This is an entirely different 

z 

\ 
f r-----, 

I I 

~ - - --I, 
7-186 A 

/ 1 x 
1<-8-909 A -+4 

fig. I. Layer sequence in nacrite. Each layer is shifted 
c1 of the 8·9 A lateral repeat relative to the layer below. 
Alternate layers (hatched) are rotated 180°. Axes for 6-
layer cell of Hendricks are at left. those of present paper 

for 2-layer cell with f3 = 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 R3c and would have 
6-layer periodicity. Because the individual nacrite 
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Table 2. Final interatomic bond lengths and angles 

Si,-O, 1·59 A Si,-O, 1·61 A 
0, 1·63 O2 1·63 
0 3 1·62 0" 1·63 
0, 1·63 0 5 1·61 

Mean" 1·618 A 

AroulldSi, Around Si2 

0,-0, 2·58 A 0,-0, 2·64 A 
0 3 2·54 0 3 2·64 
0, 2·73 0 , 2-70 

0 ,-0" 2·64 0,-03 2·54 
0, 2·65 0 , 2·65 

0 3-0, 2·69 0
0 3 - 0 5 2·68 

Mean 2·640 A 

J nt erlayer bonds 
O,-(OH), H)6 A 
O,-(OH), 2·97 
03-(OH), 2·98 
Mean 3·002 A 

Tetrahedral angles 

O,-Si,-O, 

0" 
0, 

O,-Si,-03 
0 , 

03-Si,-O, 
Mean 

106·1 ° 

104·9 
116·2 
108·5 
108·6 

112·1 

0, 128·7 
0 3 131·2 

Mean 

O,-Si,-O, 
0 3 
0, 

O,-Si,-03 
0, 

0 3- Si2-0 , 
109·39° 

AI,-O, 1·97 A AI,-O. 1·95A 
0 5 1·94 0 5 1·95 

(OH), 1·94 (OH), 1·93 
(OH), 1·93 (OH), 1·90 
(OH), 1·77 (OH), 1·86 
(OH), 1·94 (OH). 1·94 

Mean 1·918A 

AroundAI, AroundAl, Around Vacancy 

0,-05 2·88 A 2·69 A 3·39 A 
<b (OH), 2·71 2·83 3·44 ... 
Q() 05-(OH), 2·82 2·86 3·27 "0 ... (OH),-(OH), 2·77 2-88 3·29 -; ... (OH). 2·84 2·85 3·24 ... 
"; (OH)3-(OH), 2·82 2-81 3-30 
...J Mean 2·813 A 3·321 A 

~ O,-(OH). 
~ O,-(OH)" 
~ (OH),-(OH), 

2-41 2·41 
2·42 2·42 
2·42 2·42 

2-416 A 
2·84 2·82 O,-(OH), 
2·85 2·76 Os-(OH). 
2·67 

2·792 A 
2·81 (OH),-(OH)" 

Octahedral angles 

108.9° 
109·1 

{
162'9° 

(OH»)-O.-O, 74.4 

114·2 
102·5 
109·8 

111·6 

(OH),-Os-O. e68
'
3 lower triad 

73·5 (7'01°) 

0.-(OH),-05 C66
'
3 

73-8 

(OH),-(OH)2-(OH), {169 '9 
70·7 

e68
'
0 upper triad 

(OH)2-(OH),-(OH), 
71·0 (5'43°) 

(OH),-(OH).-(OHh C69
.
4 

70·7 

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 
layers 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 

https://doi.org/10.1346/CCMN.1969.0170307 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1969.0170307


REFINEMENT OF THE CRYSTAL STRUCTURE OF NACRITE 189 

I- II 
0/3 0/3 

x 

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 (I 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 (a = 5·1, h = 8·9 A.) are reversed 
in nacrite (a = 8·9. b = 5·1 A) because the (010) 
symmetry planes are positioned normal to the 5·1 A 
repeat direction. 

Structure of/ayer 
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 AI-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 oClahedral site is enlarged 
(Fig. 3, Table 2). The upper and lower anion triads 
in each AI-octahedron are rotated by 5-4° and 
7.00 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 

x 
Fig. 3. Relative sizes of occupied (shaded) and vacant 

(open) octahedra in nacrite. 

occupied AI-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. Ideally the di'stance 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 0 (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 (04 and 
a,,) move apart and the bridging basal oxygen 
(OJ) between the two tetrahedra involved buckles 
upwards by about 0·2 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 (OJ) lies under the mid-point of each 
elongate octahedral edge so that parallel. linear 
corrugations are formed in the basal oxygen sur­
face. These corrul0tions run alternately parallel 
to the [1 10] 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 (OHh 
and (OH) •. This corrugation has a different origin. 
It represents a tendency to minimize the length 
of the long hydrogen bond across the interlayer by 
fitting (OH)~ to the buckled basal oxygen 0,. 
Elevation of (OH)~ is opposed by the tendency to 
shorten the diagonal shared edge (OH),-(OH)2 
between AI, and A12 • Because (OH), is not an­
chored as tightly as its neighbors, the result is a 
compromise small elevation of the entire shared 
edge (OH),-(OHh. (OH)2 is elevated only one­
third the amount of the buckling of basal oxygen 
0 1 so that the interlayer bond O,-(OHh 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: I 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: I : I 

chlorites and vermiculites, where long hydrogen 
bonds to the basal oxygens from adjacent inter­
layer OH and H2 0 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: I silicate layer or in the interlayer sheet 
for different types of layer sequences, indicating 
that the interlayer bond is the dominant factor. 
I n I: I 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 AI 
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 AI 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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-+ 
y 

o 
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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 0 to allow the basal 
oxygens (01 , 0,. 0,,) to approach more closely both the AI cations in 
the same layer (Fig. 5) and the surface hydroxyls of the layer 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. 

(I) The direction of easy relief from the lateral 
compression resulting from tetrahedral tilt and 
twist buckles the bridging oxygen 0 1 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:l 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 AI. 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 AI cations below (Fig. 6). The AI 
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. Ideal directions of long 
hydrogen bonds from OH (coplanar with two AI - OH 

bonds) shown by small arrows. 

hydroxyl plane. suggesting an asymmetric charge 
distribution on the hydroxyls with the positive 
cha rge 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. 

(I) The highly charged Si4+ and A1 3+ 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 (0;1) is located 
so that it can pair up ideally with a directed hydro­
gen bond . OJ and O2 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. 

https://doi.org/10.1346/CCMN.1969.0170307 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1969.0170307


REFINEMENT OF THE CRYSTAL STRUCTURE OF NACRITE 193 

The nacrite layer (7·186 A) is slightly thicker 
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 (2·89 A) 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. It 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 f3 angle (113°42') deviates by 
HO 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). 
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Resume- La structure du cristal de nacrite de la region de Pike's Peak, au Colorado, it ete raffinee en 
carres minima et en cartes de difference de densite d'electrons en utilisant dix niveaux de donnees. Le 
raffinement complet it ete gene par des domaines epais comportant des deplacements de couches inter­
mediaires al3 dans la "mauvaise direction". La structure ideale est basee sur une sequence d'empile­
ment 6R de couches de kaolin, dans lesquelles chaque couche successive est deplacee relativement it la 
couche inferieure par -1/3 de la repetition laterale 8·9A. Dans Ie nacrite, cette direction est X, 
contrairement it la convention habituelle des couches des silicates, it cause de la position des plans 
symetrie (010) normaux par rapport it la repetition de direction 5·1 A les couches alternatives sont 
egalement basculees a 180°. Le modele de I'emplacement octaedrique vacant reduit la symetrie it Cc 
et permet la description de la structure comme etant une formation it 2 couches avec un axe Z incline. 

Les adjacentes tetraedriques sont detournees de 7.3° en directions opposees si bien que les 
oxygenes de base se rapprochent des cations AI de la meme feuille et des surfaces hydroxiles de la 
couche inferieure. Les ondulations enchevetrees des surfaces d' oxigene et d'hyroxiles des couches 
adjacentes concourent alternativement et parallelement aux zones (110) et (ITO) des couches succes­
sives. Les anions triades superieurs et inferieurs de chaque octaedre Al sont bascules de 5·4° et de 7·0° 
dans les directions opposees resultant d'un raccoursissement partage de la bordure. La nacrite possede 
une separation de couche superieure et des dimensions laterales inferieures it la dickite et it la kaolinite, 
et I'angle f3 observe devie de I to par rapport it la valeur ideale. Ces caracteristiques, ainsi que sa 
stabilite generale moindre, paraissent etre dues a la position moins favorable des oxygenes de base it 
l'interieur de la nacrite, comparativement aux chaines d'hydrogene situees 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 AnwendlJng der kleinsten Quadrate und Darstellungen der 
Unterschiede in der Elektronendichte geklart. Eine vollkommene KIarung wurde durch Verdickungen 
infolge von al3 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 urn -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 urn 1800 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 urn 7,30 verdreht, so dass die Basis­
Sauerstoffe naher an die Al Kationen in der gleichen Schicht. sowie an die Oberflachenhydroxyle in der 
darunter liegenden Schicht, herankommen. Ineinandergreifende Rippen in den Sauerstoff- und Hy­
droxyloberflachen benachbarter Schichten verlaufen abwechselnd parallel zu den [110] und [ITO] 
Zonen in aufeinander folgenden Schichten. Die oberen und unteren Aniontriaden in jedem AI­
Oktaeder werden durch gemeinsame Kantenverkiirzung urn 5,40 und 7,0 in entgegengesetzten 
Richtungen verdreht. Nakrit hat gross ere Zwischenschichttrennung und kleinere seitliche Masse als 
Dickit und Kaolinit, und der beobachtete {3 Winkel weicht urn Ito YOm Idealwert abo Diese Merkmale, 
sowie die geringere Gesamtbestandigkeit des Nakrits, hangen vermutlich mit der weniger giinstigen 
Lage der Basis-Sauerstoffe in Bezug auf die gerichteten Zwischenschicht-Wasserstoffbindungen im 
Nakrit zusammen. 

PelIOMe-KpHCTaJlJlH'IecKall CTpyKTypa HaKpHTa H3 paHoHa naJiKc nHK (WT. KOJlopa.ll.o) 6blJla 
YTO'lHeHa C nOMOWblO MeTO.ll.a HaHMeHbWHX KBa.ll.paTOB H pa3HocTHhlX CHHTe30B 3J1eKTpoHHoit 
nJlOTHOCTH (HcnOJlb30BaHbl llaHHble .lI.JllI neClITH YPoBHelt) nOJlHOMY YTO'lHeHHIO CTPYKTypbl 
npemlTCTBOBaJla 60JlbWall TOJlWHHa 1l0MeHOB C Me)KCJloeBbIMH CMeweHHlIMH 0/3 B "HenpaBHJlbHOM 
HanpaBJleHHH". I1neaJlbHall MO.ll.eJlb CTPYKTYPbl OCHOBaHa Ha nOCJle.ll.OBaTeJlbHOCTH ynaKoBaHHblX 
no 3aKOHY 6R KaOJlHHOBblX CJloeB, B KOTOPOH Ka)K.lI.blJi nOCJle.o.ylOwHJi CJlOH CMeweH no OTHoweHHIO 
K pacnOJlO)KeHHOMY HH)Ke Ha - 1/3 OT TpaHCJllll.{HH 8,9 A B nJlOCKOCTH CJlO". 3TO HanpaBJleHHe B 
HaKpHTe lIBJllIeTCIi OCblO XBonpeKH 06bl'lHOMY Bbl60PY oceJi CJlOHCTblX CHJlHKaTOB, TaK KaK nJlOCKOCTb 
CHMMeTpHH (010) nepneH.lI.HKYJllIpHa K nepHO.o.y nOBToplieMOCTH 5,1 A . 1.fepe.o.yJOWHec" CJlOH 
nosepHYTbl Ha 1800 OllHH no OTHoweHHIO K llPyroMY. Pacnpe.ll.eJleHHe BaKaHTHblX OKTa311pH'IecKHx 
n03Hl.{HH YMeHbwaeT cHMMeTpHIO 110 Cc H n03BOJllleT onHcaTb CTPYKTYPY KaK .lI.BYCJlOJiHYIO c 
Hal<JlOHHoJi OCblO Z. 

CMe)KHble TeTpa311Pbl nosepHYTbl Ha 7,3 0 B npOTHBOnOJlO)KHbIX HanpaBJleHHIIX TaK, 'ITO 6a3aJlb­
Hble aTOMbI KHCJlOpOlla OKa3blBalOTcli 60Jlee 6J1H3KHMH KaK K KaTHOHaM Al B TOM )Ke CJloe, TaK H K 
nOBepXHOC fH.lI.POKCHJlOB HH)KHerO CJlOIi. 

npHMblKalOwHe llPyr K .lI.Pyry BblcTynbl H BnallHHbl conpHKacalOwHXCli KHCJlOP0.ll.HbIX H rH.lI.­

POKCHJlbHblX CJloeB pacnOJlaralOTC" napaJlJleJlbHO [110] H [110]. BepxHHe H HH)KHHe aHHOHHble 
TpeyroJlbHble OCHOBaHH" B Ka)K.lI.OM AI-OKTa311pe nOBepHYTbl Ha 5,40 H 7,0 0 B npOTHBOnOJlO)KHbIX 
HanpaBJleHHlIX (pe3YJlbTaT YKopo'leHHlI 06wero pe6pa). HaKpHT HMeeT 60JlbWHH Me)KCJloeBoit 
H MeHbWHe JlaTepaJlbHble pa3Mepbl, 'IeM .lI.HKKHT H KaOJlHHHT; H3MepeHHblH yroJl "HaKpHTa OTKJlO­
HlieTCIi Ha I to OT HneaJlbHOrO 3Ha'leHHII. 3TH OC06eHHOCTH, a TaK)Ke MeHbwali YCTOH'IHBOCTb 
HaKpHTa, nO-BHllHMOMY, 06bllCHlilOTCli MeHee 6J1arOnpHlITHblM nOnO)KeHHeM B ero CTpYKTYpe 
6a3anbHblX aTOMOB KHCJlopolla llJlll 06pa30BaHHII opHeHTHp0BaHHblX Me)KCJloeBblx BOllOP0.ll.HbIX 
cB1I3eH. 
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