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The crystal structure of nanpingite-2Mr, the Cs end-member of muscovite
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Ansrru,cr

Nanpingite, ideally CsAlr(AlSir)O,o(OH)r, is a Cs end-member dioctahedral mica, crys-
tall izing in C2/c, with a :9.076(3), b: 5.226(2), c:21.41(5) A, and 0 : 99.48(6)'. The
crystal structure of type nanpingite was refined to R : 0.058 using single-crystal X-ray
diffraction methods. Nanpingite is a 2M, polytype dioctahedral mica rather than a 2M'
polytype as reported originally.

In comparison with the interlayer cations in common muscovite and paragonite, Cs+
in nanpingite increases the [001] interlayer separation between adjacent 2:l layers but has
little effect on the lateral (a, b) cell dimensions. The existence of the rare 2M, polytype is
attributed to this large interlayer separation, which minimizes the repulsion of the super-
imposed (along [001]) O anions in the basal planes of neighboring tetrahedral layers. The
2Mrpolytype involves ditrigonal prismatic coordination of the interlayer Cs*, in contrast
to the octahedral coordination of interlayer K* and Na+ in muscovite-2M, and paragonite-

2Mr. The tetrahedral rotation in nanpingite is the smallest among dioctahedral micas and
is also caused by the incorporation ofthe large interlayer cation Cs+.

INrnooucrroN

Nanpingite is a 2:l dioctahedral mica, similar in com-
position to muscovite but with Cs* as the interlayer
cation. The mineral (Yang et al. 1988) results from the
late-stage evolution of a large granitic pegmatite in the
Nanping pegmatite field, Fujian, China. Nanpingite oc-
curs in the center of the large pegmatite vein that crys-
tallized from a residual hydrothermal fluid with very high
Cs content; no other occurrence is known to date.

The crystal structures of dioctahedral micas and their
polytypism have been extensively studied and reported,
as have the crystallographic effects of the interlayer cation
size on polytype and tetrahedral rotation. Bailey (1984)
provided an excellent review of the crystal chemistry of
dioctahedral micas. Takeda and Burnham (1969) and
Takeda et al. (1971) specifically discussed the stability of
tt'e 2Mrpolytype. Guggenheim (1981) reviewed previous
work on the variation in coordination of the interlayer
cation for the 2M, polytype vs. other polytypes in lepid-
olite. In nanpingite, the largest interlayer cation, Cs*, is
an additional data point to consider in further delineating
how the size ofthe interlayer cation affects the mica struc-
ture (tr2lcs+, l.8S A, compared with tr2rK+, 1.64 A; radii
from Shannon 1976). An additional advantage of this
nanpingite study is that comparison can be made with
other micas with essentially identical octahedral sheets,
so that the effect ofonly the interlayer cation substituent
can be observed.

ExpnnrunNTAL METHoDS

Crystals of nanpingite were hand-picked from crushed
material from the type specimens (Yang et al. 1988) from
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the Nanping pegmatite. The samples examined for X-ray
study were from the same separate as the type specimens
used by Yang et al. (1988) in their description of the
mineral. Tens of crystals were examined by precession
photography, and virtually all were found to exhibit
streaking of the diffractions from bent crystallites caused
by the trimming of crystals, as the mineral is more ductile
than common micas. A single crystal that displayed es-
sentially no streaking of spots was isolated. The crystal
measured 0.26 x 0.22 x 0.03 mm.

Before the structure refinement, the polytype of nan-
pingite was determined by examination of a complete set
of precession photographs, which were compared with
the typical precession photos given by Bailey (1988). The
current study indicates that the true polytype is 2Mrrath-
er than 2M, as originally reported (Yang et al. 1988).

Examination of the photographs revealed that the ex-
tinction rules for nanpingite are (0k0) k: 2n, (h}l) h +

t : 2n, and (hkl) h + k : 2n. Thus, one of the pseudo-
hexagonal a axes is a diad perpendicular to a c-glide plane,
yielding space groups Cc or C2/c, the latter of which is
the space group of muscovite. The structure refinement
proceeded routinely in space group C2/c using the crys-
tal-structure model of phengite-2M, given by Zhoukhlis-
tov et al. (1973).

X-ray intensity data for nanpingite were collected on
an Enraf-Nonius CAD-4 diffractometer utilizing graph-
ite-monochromated MoKa radiation for the hemisphere
of reciprocal space encompassing k > 0. Unit-cell param-
eters were refined (no symmetry constraints) using dif-
fraction angles from 25 automatically centered reflec-
tions. Crystal data are given in Table l, which records
details of data collection and structure refinement.
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TABLE 1. Crystal data and results of structure refinements for
nanpingite

Dimensions (mm)
Unit cell

Least squares
a (A)
b (A)
c (A)
q (')

0 f )
r (')

Constrained (space group: C2lc)
a (A)
b (A)
c (A)
B C )

d limits
Standards

Intensity
Orientation

Data collected
Unique data
Data > 3o,
Scan type
Scan time (s)
F.-*
R
FI

Goodness of fit
Variables
Largest peaks on

difference map (e/A)
(+ )
(-)

Note; Numbers in parentheses denote one estimated standard deviatbn of
last digit cited. Chemical composition (Z : 4), cited fro.n YarE et at. (1988),
is (CsoslG6RboolL$(Al1 aMgozFeo,TLio,sL,e(Sis,AlosLOlo](OH)1 reFor1lr.

The SDP package of computer programs (Frenz 1985)
was used to solve and refine the structure. Intensity data
were reduced to structure factors and corrected for Lor-
entz and polarization effects. Absorption efects were ini-
tially corrected using 360'ry'-scan data for nine reflections;
after attaining solution, we also employed absorption cor-
rections using the absorption-surface method imple-
mented in the program Difabs (Walker and Stuart 1983).
Symmetry-equivalent reflections were averaged (Table l),
and neutral-atom scattering factors with terms for anom-
alous dispersion were used. Reflections were weighted
proportional to o-2, and reflections with 1 ) 3o. were
used in the refinement. The chemical formula of the type
material is also given in Table l.

The powder X-ray diffraction pattern of nanpingite-
2Mrwas measured on a Scintag Xl difractometer. The
peaks were profile-fitted, and all were successfully in-
dexed on the basis of the 2M, polytype structure. The
unit cell was also refined using the observed powder dif-
fraction pattern, yielding a : 9.087(2), b : 5.230(l), c:
21.519(5) A, P : 99.48(2)', which is comparable to the
unit cell refined by the single-crystal technique as in Table
l. Table 2 lists the observed and calculated diffraction
patterns of nanpingite. The program POWDI0 (Smith et
al. 1983) was used to calculate the pattern from the re-
fined crystal structure.

Table 3 contains positional parameters and equivalent
isotropic thermal parameters, and Table 4 contains se-
lected bond lengths for nanpingite. Table 5 presents an-
isotropic displacement parameters, and Table 6 lists ob-
served and calculated structure factors.I The bond-valence
sums of all atoms in nanpingite were calculated using the
method and constants of Brown (1981) and are in good
agreement with the formal valence of the atoms. The
bond-valence sum of 06 (0.96 valence units) indicates
that 06 is an OH group; no attempt was made to Iocate
or refine the H atom.

DnscnrsrroN oF THE NANpTNGTTE AToMrc
ARRANGEMENT

Like muscovite, nanpingite is a dioctahedral mica; it
consists of 2:l layers separated by interlayer Cs* ions.
Unlike most dioctahedral micas, howevet, nanpingite is
a2Mrpolytype; the 2:l layers in nanpingite are stacked
by rotating adjacent layers 60 or 180" rather than 0 or
120'as in 2M, muscovite. As a result, two neighboring
octahedral sheets in nanpingite are different "sets" (sets
I and II, defined in Bailey 1984) or site occupancies,
whereas in2M, muscovite they are the same set. Because
lhe 2M, polytype is rare in dioctahedral micas, this prop-
erty ofnanpingite is ofspecial interest.

The incorporation of Cs* as the interlayer cation has
predictable eflects on the unit cell of nanpingite (Table
l). The Cs* polyhedron is enlarged along c* relative to
the K+ polyhedron in muscovite, but it is not enlarged in
(001) because the rigid octahedral sheets control cell di-
mension in that plane.

Figure I presents the relationships between the average
radius of univalent interlayer cations and unit-cell pa-
rameters in dioctahedral micas. Unit-cell thickness (c sin

B) increases with increasing cation size, whereas a and b
(note that the 2M, polytype has reversed values for a and
D relative to the 2M, polytype) increase little because of
the rigidity ofthe octahedral sheet. The increase of(c sin

B) values results from the increase in size ofthe interlayer
cation; however, the relationship is not linear, as the in-
terlayer distance increases by an amount greater than the
increase in the diameter of the interlayer cation (Fig. 2).
For example, the difference between the interlayer sepa-
rations ofparagonite (Lin and Bailey 1984) and nanpin-
gite is 0.944 A, but the difference between the average
diameters of the cations is only 0.92 A (Shannon 1976);
the difference between the interlayer separations of mus-
covite (Rothbauer l97l) and nanpingite is 0.60 A, where-
as the difference in the average diameters is 0.48 A (Shan-
non 1976).

This disparity between the interlayer separations pre-
dicted by cation radius and the actual separation is at-

t A copy of Tables 5 and 6 may be ordered as Document AM-
96-605 from the Business Office, Mineralogical Society of
America, 1015 Eighteenth Street NW, Suite 601, Washington,
DC 20036, U.S.A. Please remit $5.00 in advance for the micro-
fiche.

0 . 2 6 x 0 . 2 2 x 0 . 0 3

9.076(3)
s.226(2)
21 .41(5)
89.s7(7)
ss.48(6)
8e.e7(3)

9.0756
5.2263
21.4088
99.4820
0.054e

3 p e r 4 h
3 per 250 refl.
2937
1471
680
0120
-7O
0.040
0.058
0.076
1.307
89

2.660
1.369
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TreLe 2. X-ray diffraction patterns of nanpingite-2M, calculated from the crystal structure and measured by powder
diffractometry

hkt d-" (A) rlt. d* (A) tlt" d* (A) ut" d* (A) ilt"

to7

002 10.56
004 5.279
1 1  0  4 .513
200 4.476
202 4.389
111 4.34' l
712 4.280
112 4.031
T13 3.951
202 3.897
204 3.731
1 13 3.664
114 3.581
114 3.298
T15 3.220
204 3.167
206 3.019
1 15 2.963
116 2.894
1 16 2.670
008 2.640
312 2.604
021 2.593
313 2.553
022 2.536
311 2.529
208 2.458
118 2.366

2
o

26
2

40
27
49
62
28
98
20

100
83
1 8

29
39
42
1 8
34
47
54
8
3
b

6
c

10.61
s.300
4.515
4.483
4.387
4.347
4.289
4.04'l
3.961
3.903
3.740
3.674
3.591
3.308
3.231
3.176
3.029
2.974
2.904
2.675
2.653
2.608
2.597
2.560
2.541
2.530
2.469
2.376

221
220
3 1 6
400
221
314
317
0,0 ,10
026
3 1 5
406
3 1 8
1 , 1 , 1 0
316
1 , 1 , 1 0
1  , 1 , 1  1
2 ,0 ,10
3,1  ,10
029
3 1 8
5 1 0
421
5 1 1
425
516
135
135

1 3
1 1
3

1 3
2

21
1 2
25
36
1 7
55

oc
63
1 1
51
22
30
31
1 6

100
1 8
20
2
2
2
o
5

2.264
2.257
2.246
2.238
2.224
2.205
2.121
2. ' t12
2.098
2.080
2.047
1.998
1.977
1.957
1.855
1.822
1.799
1.765
1.746
1.730
1.694
1.678
1.668
1.650
1.629
1.603
1.568

2.267
2.256
2.247
2.236
2.227
2.208
2.133
2.123
2.1 03
2.085
2.054
2.004
1.983
1.962
1.863
1.891
1.807
1.771
1.75'l
1.736
1.696
1.681
1.667
1.652
1.632
1.605
1.569

I
4
6
c

1 0
1 1
7

74
4
o
2
2
4
2
3
3
2
5
o
4
3
3
3
3
4
4
3

20
5

1 1
1 2
1 8
1 4
20
24
1 2
1 8
5
7
2
8
4
4
2

1 6
1 5
1 2
3
7
4

1 2
1 1
1 2

5

tributed to the coordination for which the cation radii are
selected. The radii discussed above are based on a coor-
dination number of 12 for the interlayer cations. How-
ever, unlike the more regular bonds to the interlayer cat-
ion in nanpingite, in paragonite and muscovite the bonds
(distances) to Na+ and K*, respectively, can be consid-
ered as two distinct groups, six inner bonds and six outer
distances [this is not a new concept and has been re-
viewed by Guggenheim (1981) and Bailey (198a)1. As
noted in Figure 2, the outer distances are independent of
the radius ofthe interlayer cation, whereas the inner bonds
increase in length with increasing radius ofthe interlayer
cation. The differences between the bond lengths vary
inversely with interlayer spacing; in paragonite the inner
and outer distances differ by 0.746 A @in and Bailey
1984), whereas in muscovite the inner and outer bonds
differ by 0.505 A (Rothbauer l97l). In nanpingite, how-
ever, the difference between the two sets ofbonds is 0.239
A, the smallest among dioctahedral micas. The coordi-
nation polyhedron ofthe interlayer cation in nanpingite
also differs from that in paragonite and muscovite. In
nanpingite-2Mr, the Cs+ atom is coordinated by 12 O
atoms in a ditrigonal prism, whereas in the 2M, phases
muscovite and paragonite the interlayer cations have six
nearest neighbors in the form ofan octahedron.

As expected, because of the rigidity of the octahedral
sheets, the lateral (a, D) dimensions in nanpingite are sim-
ilar to those of other dioctahedral micas. The lateral edges
of octahedra in nanpingite, as in muscovite, display a
shorter shared edge and a longer unshared edge resulting
from the vacant Ml polyhedron (Table 4). As a result of

this distortion. the octahedral sheet is flattened to 2.079
A. ft is well known that the distortion and enlargement
of the tetrahedral sheet that result from the substitution
of Al for Si induce a misfit between the octahedral and
tetrahedral sheets. To relieve this misfit, adjacent tetra-
hedra rotate in opposite directions in (00 t), thus changing
the shape ofthe tetrahedral ring from hexagonal to ditri-
gonal. In addition, the tetrahedral sheet is thickened to
2.241 A in nanpingite. The tetrahedral rotation, octahe-
dral flattening, and tetrahedral thickening are expressed
by the indices a, ry', and z (Donnay et al' 1964)' In nan-
pingite, a : 5.45, 9u, : 62.40, ttt*, : 57 .58 (9.- : 54.73),
arr :  l l l .4 ,  and r rz :  l l l '4o ( r ;6""1 :  109.47") .  I t  is
noteworthy that the tetrahedral rotation angle, a, in

TABLE 3, Atomic coordinates and isotropic B value for atoms
in nanpingite

B (A')-

Cs
M1
M2
T1
r2
o1
02
o3
o4
o5
06 (:oH)

4 e 0
4d lt
8f 0.0837(3)
8t 0.1197(3)
8f 0.2901(3)
8f 0.0763(7)
8t 0.2672(8)
8t 0.2053(8)
8f 0.4670(7)
8f 0.2319(9)
8t 0.9545(8)

0.0961 (2)
th

0.2503(6)
0.5884(6)
0.1009(6)
0.561(1)
0.132(1)
0.332(1)
0.121(21
0.82s(2)
0.062(2)

Va 1.8q2)
0

0.0000(2) 0.s1(6)
0.1272(21 1.09(5)
0j271(2) 1.09(5)
0.0505(4) 1.6(2)
0.0504(4) 1.5(2)
0.1581(4) 1.3(2)
0.1591(4) 1.5(2)
0.148e(5) 1.9(2)
0.0468(4) 1.5(2)

Notei Numbers in parentheses denote one estimated standard deviation
of last digit cited.

' Equivalent isotropic B value calculated from refined anisotropic param-
eters.
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TABLE 4. Selected interatomic distances and angles in
nanpingite

Atomic distances (A) Angles (')

Cs ditrigonal prism Edge of ditrigonal prism
Inner outer laroer smaller

cs-o3 x 2 3.174(9) 3.345(7) O3-O4-O5 19i.2(4) 108.7(4)
cs-o4 x 2 3.141(8) 3.347(8) O3-o5-O4 131.7(4) 107.2(4)
cs-os x 2 3.209(8) 3.55(1) o4-o3-O5 130.6(4) 108.9(4)
Mean 3.175 3.414 Mean 131.2 108.3

T1 tetrahedron
1 .64(1 )
1 .631(9)
1 .651(8)
1.620(9)
1.636
2.69(1 )
2.69(1)
2 .71(1)
2.64(1)
2.60(1 )
2.67(1)
z . o l

T2 tetrahedron

a(b for 2M2)

n Sf''*n- /
c s n p / /

J'

b(a for 2M2)
#

paragonlrc muscovlte nanpingite

T1-O1
T1-O3
T1-O4
T1-O5
Mean
01-o3
01-o4
01-o5
o3-o4
o3-o5
04-o5
Mean

T2-O2
T2-O3
r2-o4
T2-O5
Mean
o2-o3
o2-o4
o2-o5
o3-o4
o3-o5
o4-o5
Mean

1 .63(1)
1.633(9)
1.641(71
1 .631(e)
1.634
2.68(1)
270(11
2.71(11
2.62(1)
2.67(1)
2.62(1)
2.67

01-T1-O3
01-T1-O4
o1-T1-O5
o3-T1-O4
o3-T1-O5
o4-T1-O5
Mean

T1-O3-T2
T't-o4-r2
T1-O5-T2
Mean
o2-T2-O3
o2-T2-O4
o2-T2-O5
o3-T2-O4
o3-T2-O5
o4-T2-O5
Mean

1 10.9(5)
1 10.2(4)
1 1 3.1(5)
1 07.0(5)
1 0s.5(s)
10s.s(5)
109.4

132.0(6)
130.7(6)
144.2(6)
135.6
1 10.3(4)
111.5(4)
1 12.5(5)
106.2(4)
1 10.1(5)
1 06.1 (4)
109.5

o<

o

r ^ ( E

\
6

o
1 9

o(!)

o

d

1 7

o1-M2-o2 93.6(4)
o1-M2-O2 93.1(4)
01-M2-OH 93.3(4)
o1-M2-OH 94.9(3)
o2-M2-OH 95.0(4)
o2-M2-OH 93.6(4)
Mean (unshared) 93.9
o1-M2-O1 78.2(4)
o2-M2-O2 78.5(4)
oH-M2-OH 76.4(4)
Mean (shared) 77.7

t 9

Average radius of interlayer cation (A)

Frcunr 1. Variation of unit-cell parameters with average ra-
dius in selected 2:l dioctahedra micas. Data for paragonite and
muscovite are from Lin and Bailey (1984), Richardson and
Richardson (1982), Knun and Bailey (1986), Rule and Bailey
( I 98 5), Rothbauer ( I 97 I ), Sidorenko et al. (l 97 7), and Zhoukh-
listov et at. (1973).

nanpingite is the smallest value found in any dioctahedral
mica (6-19'; Bailey 1984).

DrscussroN oF THE srRUcruRE AND prol,t"t'rprsM

There are two distinct features of the nanpingite crystal
structure. First, nanpingite is rare among dioctahedral
micas in that it crystallizes as a 2M, polytype. Second,
nanpingite exhibits a tetrahedral rotation angle, d, that is
uniquely small among dioctahedral micas. Both features
are attributed to the large Cs* cation. The original X-ray
diffraction study of nanpingite (Yang et al. 1988) empha-
sized the parallelism between nanpingite and muscovite,
except for the different interlayer cations. Those authors
thus assumed that nanpingite is a 2M, mica polytype, the
most common polytype among dioctahedral micas; this
assumption also persisted in the publication of PDF card
no. 44-1428. The current study indicates that the true
polytype is 2Mr, a rare polytype among dioctahedral mi-
cas. The reasons for the existence ofthis polytype become
clear upon examination of the atomic arrangement.

One dioctahedral phengite was reported to crystallize
as a 2Mrpolytype (Zhoukhlistov et al. 197 3) on the basis
ofan electron diffraction study. Zhoukhlistov et al. (1973)
suggested that the substitution of relatively few Al3+ for
Si4* atoms balances the charge in the basal O-atom sur-
face of the tetrahedral sheet, causing less interlayer re-
pulsion, thereby producing conditions for a2M'polytype
to crystallize. The removal of the repulsion between the

M1 octahedron (vacant)
M1-Ol x 2 2.278
M1-O2 x 2 2.262
M1-OH x 2 2.191
Mean 2.244
O1-O2 x 2 3.451
O1-OH x 2 3.446
O2-OH x 2 3.437
Mean (unshared) 3.445
o1-o2 2.952
o1-oH 2.847
o2-oH 2.883
Mean (shared) 2.894

01-M1-O2 x 2 98.92
01 -M1-OH x  2  100 .88
O2-M1-OH x  2  101 .01
Mean (unshared) 100.27
01-M1-O2 81.08
o1-M1-OH 79.12
o2-M1-OH 78.99
Mean (shared) 79.73

M2 octahedron
M2-O1 1.959(9)
M2-O1 1.931(8)
M2-O2 1.932(8)
M2-O2 1.964(9)
M2-OH 1.933(9)
M2-OH 1 .916(9)
Mean 1.939
o1-o2 2.84(1)
o1-o2 2.83(1)
o1-oH 2.83(1)
o1-oH 2.85(1)
o2-oH 2.83(1)
o2-oH 2.83(1)
Mean (unshared) 2.83
o1-o1 2.45(1)
o2-o2 2.46('t)
oH-oH 2.38(1)
Mean (shared) 2.43

Note.'Numbers in parentheses denote one estimated standard deviation
of last digit cited.
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Interlayer separation

r09

o
s 2 8

o
o
o

.s
c)
? ,  32
(E
o
o ^ ^

"i*

paragonlte muscoute nanpingit€

Average radius of interlayer cation (A)

Frcunr 2. Bond lengths of inner and outer bonds of inter-
layer cation polyhedron and interlayer separation vs. average
radius of interlayer cation in selected 2:l dioctahedral micas.
Sources of paragonite and muscovite data are the same as in
Figure l.

basal O-atom planes ofadjacent 2:1 layers is thus critical
in the determination of polytype, as the stacking sequence
it the 2M, polytype yields an atomic arrangement "in
which three basal oxygens from one layer directly super-
impose on three basal oxygens from the layer below"
(Bailey 1984, p. 34), and is thus energetically unfavorable
relative to the 2M, polytype. In nanpingite, the unfavor-
able repulsion between adjacent basal O-atom planes is
mitigated by the increased interlayer separation that re-
sults from the incorporation ofthe large interlayer cation
Cs+ and not by reduction ofthe net charge on the basal
O atoms. The distance between adjacent basal O-atom
layers in nanpingite is 3.997 A, in comparison with -3.4
A in muscovite and -3.05 A in paragonite. The repulsion
between the layers is thus minimized, allowing ditrigonal
prismatic coordination of the Cs" ion and [001] super-
position of basal O atoms that results in a 2M, polytype
(Fig. 3).

The second distinct feature ofnanpingite is the excep-
tionally small a angle. As illustrated in Figure 3, the hex-
agonal tetrahedral ring is nearly ideal, displaying only a
small deviation from the ideal 120'O-O-O angle. This
feature is also attributed to the incorporation ofthe large
interlayer cation. As noted by Bailey (1984), the space
available for the interlayer cation is reduced with increas-
ing distortion (a). Hewitt and Wones (197 5), in an anal-
ysis of a series of synthetic and natural micas, concluded
that the observed tetrahedral rotations in the dioctahe-
dral micas muscovite and paragonite indicate that the
size of the interlayer cation in part controls the amount

b

Frcunn 3. Environments of interlayer cations in nanpingite-
2M, (nehi and paragonite-2M, (left), projected on (001). Small
open circles : Tl, small solid circles : T2, larger open circles
: 03, lightly shaded larger circles : 04, and densely shaded
larger circles : 05.

of tetrahedral rotation in the structure. They demonstrat-
ed that larger interlayer cations inhibit larger a rotations
because such rotations decrease the size of the interlayer
cation site. The Cs+ interlayer cation in nanpingite re-
quires the largest cation site among dioctahedral micas,
which increases the inner distances because the outer dis-
tances are independent of the cations (Fig. 2). The min-
imized diference between the inner and outer distances
keeps the tetrahedral rotation to a minimum in the phase.

Finally, it is noted that from the chemical formula (Ta-
ble l), light elements such as Li+ may occupy up to 150/o
of the vacant Ml position. However, the relatively high
R value of this refinement does not allow us to locate any
excessive electron density at that site; the electron density
at the Ml position is <0.554 e/A3.
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