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Crystal structures of the {01U, {610}, and {010} growth sectors in brewsterite
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Ansrnncr

Crystal structures were determined by single-crystal X-ray methods for the {011},
{610}, and {010} growth sectors of brewsterite from Strontian, Scotland. Refinements fr-
: 4.3-6.6Vo) showed that all three growth sectors are triclinic and that their structures
differ slightly.

INrnonucrron

Brewsterite, a rare strontium zeolite [(Sr,Ba)rAlrSi,rO,,
'l0Hrol was first found in Strontian, Scotland, by Brooke
(1822). Des Cloizeaux (1874) performed optical studies
of brewsterite from Strontian and under crossed polars
found that the (010) section was divided into three sec-
tors. The crystal structure of brewsterite from Strontian
was determined in monoclinic space group P2,lm by Per-
rotta and Smith (1964) and later refined in the same space
group by Schlenker et al. (19'77). Recently, Ba-dominant
brewsterite, space group P2,lm or P2,, was found in two
localities (Robinson and Grice 1993; Cabella et al. 1993).

Akizuki (1987a) studied the relationship between op-
tical properties and the {610}, {011}, and {010} growth
sectors of brewsterite from Strontian, Scotland. The (610)
face consisted of striations parallel to the c axis. In a
(001) thin section, the {610} sector showed extinction
inclined about 2-3'from the b axis, which suggests that
the {610} sector is triclinic. The (011) face showed fine
striations parallel to the a axis. Optical extinctions of the
four {011} sectors in the (100) thin section are also in-
clined relative to the b axis, which shows that the four
{011} sectors are also triclinic and comprise a fourling
sectoral twin about the a axis. The (010) face was found
to consist of (0k/) and (0ftl) vicinal faces with fine steps
parallel to the a axis but without a growth center. In ad-
dition, the {0ftl} and {0t/} sectors corresponding to the
vicinal faces are related by a triclinic twin. These optical
observations suggest that the brewsterite sample from
Strontian is tricl inic in the {610}, {011}, and {010} sec-
tors, although optical orientations and 2V values differ
among the sectors.

Akizuki (1987a) explained the origin of the triclinic
sectors in brewsterite by a local charge balance on the
growth steps on the crystal faces. Akizuki (1987b) sug-
gested a general mechanism for the formation of struc-
turally distinct sectors in zeolites and other minerals.

The purpose of the present study is to confirm the crys-
tal structures of the optically triclinic {610}, {011}, and
{010} growth sectors from the brewsterite crystal from
Strontian, Scotland. In addition, we describe the structural
differences between the sectors.

Saupr-B

The form of the brewsterite crystal from Strontian is
shown in Figure 1. Thin sections parallel to the (010) and
(100) faces show the {610}, {011}, and {010} structural
sectors (cf. Akizuki 198'7a) Backscattered electron im-
aging shows compositional growth zoning with respect to
the Ba/Sr ratio (Fig. 2), suggesting that the chemical com-
position varied during growth. The chemical composi-
tions of the three sectors were determined by electron-
probe microanalysis. The atomic ratio Bal(Ba + Sr)
varies from 0.62 to about 0.5 at the rim, although the
ratio is as low as 0.33 in some growth bands, and from
about 0.5 to 0.23 at the core. Compositions of the three
sectors, including maximum and minimum values of the
atomic ratio Ba/(Ba + Sr), are given in Table l. The
atomic abundances of Ca, Na, andK are <l%o.

ExpsnrN.rnNtAl METHoDS

For structure analyses, single crystals were hand-
picked from the {610}, {011}, and {010} sectors in a
section parallel to the (010) face. Unit-cell parameters
were obtained by least-squares fitting of the positions of
centered reflections (25 reflections ranging from 40.9 to
52.6 20 for the {01 I } sector, 25 reflections ranging from
21.6 to 28.5' for the {610} sector, and 24 reflections rang-
ing from 40.8 to 54.6 for the {010} sector); refined val-
ues are given in Table 2.

Intensity data were measured at room temperature us-
ing the to-20 scan method, with a maximum 20 value of
55 0", on an automated four-circle single-crystal X-ray
diffractometer (Rigaku AFC-7S) with graphite-mono-
chromatized MoKa radiation (I : 0.71069 A). Lorentz
and polarization corrections were applied, but no absorp-
tion corrections were made because of the small sizes of
the crysrals (0.18 x 0.18 x 0.12 mm for the {011} and

{010} sectors, 0.13 x 012 x 0.09 mm for the {610}
sector) and the moderate absorption coefficients (30.4,
29.6,  and 30.8 cm-r  for  the {011} ,  {610} ,  and {010}
sectors, respectively). Starting atomic coordinates for the
triclinic refinements were derived from the monoclinic
structure refinement of Schlenker et al. (1911).Individual
reflections were assigned weights w: llo2. All calcula-
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{01 1} sector 3.09
{610} sector 2.88
{010} sector 3 09
Schlenker et al. (1977) 2.90

Frcunn 1. Crystal form of brewsterite from Strontian,
Scotland.

tions were performed using the teXsan crystallographic
software package of Molecular Sffucture Corporation
(1985, 1992). Structure refinement information is siven
in Table 3.

The atomic coordinates and anisotropic displacement
parameters are listed in Tables 4 and 5.' Selected inter-
atomic distances and angles are summarized in Table 6.
Al contents in the tetrahedral sites were estimated by two
methods. The method of Smith (1974) estimates the Al
occupancy of the T sites on the basis of the T-O distanc-
es. The method of Artioli et al. (1985) uses both the T-O
distance and the T-O-T angle to estimate the Al occu-

Taele 1. Chemical formulas determined bv EPMA

Si/Al Chemical formula

(Sro $Bfu 4slq or)Alr  sSi6 6Oi6 nH2O
(Sfo oBao 55Ko or )Al2 oTSiE e7or6.nH2O
(Sro 67Bao 24Ko or )Al l  $Si6 6016.nH2O
(Srr eBao aKo o2)A14 125in eso32.nH20

Note- '  Bulk-chemical  formula range is f rom (Sro""Bao"2KoolCaoor-
Naool)Al2rosi5e5Or6'nHrO (maximum Ba eontent) to (Sro7?BaosKoolCaoor-
Nao or)Al2 @Sis eoor6.nH2O (minimum Ba content) Chemical tormulas of the
{01 1i, i610i, and {010} sectors are based on 2, 3, and 2 points average,
respectively, and estimated deviations of Sr, Ba, and K are 0.02, 0.02,
0 01, respectively

pancy. The Al occupancies estimated by both methods
are given in Thble 7. Occupancies of Al in tetrahedral
sites were not refined. Si (neutral scattering factors) was
assigned to T sites. Observed and calculated structure fac-
tors for the {01 I }, {610}, and {010} sectors are available
from the authors upon request.

The structures of the three sectors were refined in both
triclinic and monoclinic symmetries. The R factors were
smaller by about 27o in the triclinic refinements than in
the monoclinic ones. The calculated Al occupancies are
clearly different in some T sites, especially in the TD and
TD' sites of the {001} sector and in the TC and TC sites
of the {610} sector.

Rnsur,rs AND DrscussroN

The present study confirms that the structures of the
{011i, {610}, and {010} sectors of brewsterite from
Strontian are triclinic. Al occupancies, which are sche-
matically shown in Figure 3, are not symmetrical with
respect to the morphological mirror plane in the {011},
{610}, and {010} sectors. The TD tetrahedron, which is
not directly coordinated with the large cation (Sr and Ba),
may contain a small amount of Al in the {0ll} sectors.
Also, in another specimen from the same locality, the Al

I A copy of Table 5 may be ordered as Documenr AM-96-629
from the Business Office, Mineralogical Societv of America.
1015 Eighteenth Street NW, Suite 601, Washingt6n, DC 20036,
U.S.A. Please remit $5.00 in advance for the mlcrofiche.

Frcuns 2. Backscattered electron images of brewsterite (A) The a axis is normal to the photograph, and the b axis is horizontal
The X shows the center of the crystal in the section. The lighter rim is richer in Ba than the darker core; the rim consists of four
layers. The narrow dark layer indicated by the arrow is the richest in Sr. (B) The D axis is normal, and the a axis is vertical. The
section in B corresponds to the nm
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TABLE 2. Cell Darameters

h  / a \ c (A) r (")p (')" (')

{01 1 } sectof
{61 0} sector..
i0 l 0) sectort
Schlenker et al (1977)
JCPDS

6  782 (1 )
6 779(1)
6 785(1 )
6.793(21
6 779\21

17  510 (3 )
1 7 530(2)
17 546(2)
17 573(6)
17 520(3)

7.740(1)
7.750(2)
7 740(1)
7 759(2)
7 749(2\

89.e0(1 )
89.98(1 )
8e e8(1 )

94 09(1 )
s4 49(2)
94 25(1 )
94 54(3)
94 47(1)

90.1 0(  1 )
90 13(2)
e0 06(1 )

- Using 25 reflections in the range 40 9' < 20 < 52 6'
.- Using 25 reflections in the range 21 6" < 2g < 28 5"
tUsing 24 reflections in the range 40 8" < 20 < 54 6'

occupancies of the TD and TD' sites are l0 and }Vo in
the {011} sector, respectively.

Perrotta and Smith (1964) and Schlenker et al. (1977)
showed that the Sr cation and three HrO molecules are
situated on the mirror plane in space group P2,lm. How-
eveq they did not take the different sectors into consid-
eration. Sr is directly coordinated by four framework O
atoms and five H,O molecules in the {011}, {610}, and
{010} sectors of the present specimen. The coordination
is the same in both the triclinic and monoclinic models.
The Sr position is shifted in the triclinic refinement with
respect to its ideal position in monoclinic symmetry with
A i r :  - 0 .0015 ,  Ay :0 .0001 ,  and  Az :  -0 .0030 .  The
distances Sr-O2 : 2.815(5) and Sr-O'2 = 2.809t5) A in
the {011}- sector are slightly shorter than the Sr-O2 :
2.831(4) A value (Schlenker et al., 1977) of the mono-
clinic model. There were no significant differences be-
tween Sr-O distances in the triclinic and monoclinic mod-
els in the {610} and {010} sectors.

On the basis of studies of the relationships between the
surface features and internal textures of many minerals
such as zeolites and adularia, Akizuki (1981a, 1981b) and
Akizuki and Konno (1985) explained the origin of anom-
alous optical properties, internal textures, and reduced
symmetry in sectors as a product of ordering on the side
faces of growth steps. Akizuki (1987b) suggested the fol-
lowing general mechanism for the formation of growth
sectors. Although a crystal consists of a three-dimension-
al structure, it is produced by superposition of a two-
dimensional atomic arangement. According to Pauling's
second rule, the local charge balance must be maintained
in a three-dimensional structure. Tetrahedra that are di-
rectly coordinated by alkali ions are preferentially occu-
pied by Al in zeolites (e.g., Schlenker et al. 1977:Penotta
1967). The electrostatic charge on the growth surface,

however, is not balanced in the direction perpendicular to
the surface, and therefore an ionic crystal can grow
continuously.

The charge balance must be maintained along the two-
dimensional structure exposed on the growth surface as
well as within the crystal. The two-dimensional atomic
arrangements exposed on the growth step of the surface
of an aluminosilicate differ among nonequivalent sur-
faces, such as (011) and (610) of brewsterite. If the tet-
rahedral growth unit is added to a step after a large cation
site is filled, A13" is predicted to occupy the tetrahedron
preferentially, whereas if the tetrahedral unit is added pri-
or to the cation, Sio* should preferentially occupy the site.
Thus, the degree of the Al-Si ordering may differ among
sectors. If the growth-step orientation is normal to a mir-
ror or glide plane, the two sites related by the symmetry
plane are equivalent on the step surface, resulting in dis-
ordered Al-Si arrangements. Conversely, if the step edge
is inclined to a symmetry plane, the two sites that are
equivalent in the crystal are not equivalent on the step
surface. Thus, ordering can occur and the symmetry of
the crystal may be reduced. The morphological symmetry
plane changes into a twin plane if the symmetry is re-
duced because of ordering.

The origin of the triclinic symmefry of the {011},
t610), and {010} sectors of brewsterite may be explained
by this mechanism. Because the (011) face is inclined
toward the (010) mirror plane, the Al occupancies of the
T and T' sites, which are symmetrically related with re-
spect to the mirror plane, are not equivalent in the {0il}
sector, resulting in triclinic symmetry (Akizuki 1987a). In
addition, the TD and TD' tetrahedra, which are not di-
rectly coordinated with Sr and Ba, are slightly occupied
by Al. This suggests that the growth kinetics are complex
on the rough surface during growth.

TeeLe 3. Refinement informalion for {01 1}, {610}, and {010} sectors

Sector
Dimension of crystal (mm)
Refinement space group
Scan type
Unrque reflections
Reflections used in the refinement (/ > 3o)
R value (%).
& value (%)-.

{ 011 }
0 1 8 x 0 1 8 x 0 . 1 2

P1
a-20
4202
3357
5.0
4 7

{61 0}
0 . 1 3 x 0 1 2 x 0 . 0 9

P1
a-20
4208
3044
4 3
+ . J

{010}
0 . 1 8 x 0 . 1 8 x 0 . 1 2

P1
o-20
4211
J O I J

5 3
6 6

.  R:: i l f l  larplel ... &: p.(lE"l lF.l)'D.F"'t'
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Trele 4. Atomic coordinates of {01 1}, {610i, and {010}
seclors
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Taete 4.-Continued

84 (4.)

4o (A')

TA
TA'
TB
TB'
TC
TC'
TD
TD'
o1
01  '

o2
o2'
UJ

03'
o4
o4',
o5
05'
o6
06'
07

o8
08'
o9
M
0 1 0
01 1
01 1 ' ,
012
0 1 3

TA
TA'
TB
TB'

TD
TD'
o1
0 1 '
02
02'
o3
03'
o4
o4'

05'
o6
06'

o8
08'
no
M
o 1 0
0 1 1
0 1 1 ' ,
o12
0 1 3

0 3166(3)
0 3163(3)
o 4117(3\
0 4102(3)
0 5547(3)
0 5s41 (3)
0 9045(3)
0.s043(3)
o 3542(7)
0 3s18(7)
o 4289(71
o 4259{71
o 7811(71
o 7807(7)
o 4414(8)
0 441 e(8)
0 0774(7)
0.0758(7)
0.2348(8)
0 2346(8)
0 3807(7)
o 3822(71
0
0
0 5688(9)
0.24861 (9)
0 0s69(10)
0 9340(10)
0 9302(10)
0 5996(9)
0 .081  (1 )

0 321 8(3)
0 3205(3)
0.4060(3)
0 4055(3)
0 ss60(3)
0 5s42(3)
0 s085(3)
0 9077(3)
0 3506(7)
o 3494(7',)
0 4234(7)
o 4218(7)
0 78s5(7)
0.7806(7)
0,4497(7)
0 4501 (7)
0 0848(7)
0.0834(7)
0 22s0(8)
0 2213(8)
0 3854(7)
o 3847(71
0
0
0 571 s(8)
0 24969(8)
0.0580(s)
0 e285(e)
0 s252(1 0)
0.6031(9)
0 063e(10)

0 3192(3)
0.3187(3)
0 4093(4)
0 4091 (4)
0 5550(4)
0.5539(3)

{011} sector
0 0791 (1 )
0 4208(1 )
0 0s82(1 )
o  4417 (1 )
0.1 s82(1 )
0 341 7(1 )
0 0520(1 )
0 4480(1 )
0 1 052(3)
0 3950(3)
0.1 255(3)
0.3745(3)
0  1219 (3 )
0 3786(3)
0 1 385(3)
0 360s(3)
0 0898(3)
0 41 04(3)
0 ee85(3)
0.5014(3)
0.9888(3)
0 51 1 5(3)
0
Yz
0 2501 (3)
0 25009(4)
0.2503(4)
0.1 465(4)
0 3535(4)
o 2504(4)
0 2499(3)

{510} sector
0 0806(1 )
0 41 85(1 )
0 0568(1)
o 4432(1)
0 1 583(1 )
o 3421(1)
0.0s28(1 )
0.4472(1)
0.1 045(3)
0 3936(3)
0.1 243(3)
0 3761 (3)
0  1216 (3 )
0 37s7(3)
0 1406(3)
0 3589(3)
0 0900(3)
0 4076(3)
0.e967(3)
0.5030(3)
0 9912(3)
0.5081(3)
0
Y2

0 2512(3)
0 2501 0(3)
0 2507(3)
0  1461 (4 )
0 3543(4)
o 2490(4)
0.24e4(3)

{010} sector
0 0797(1 )
0 4201 (1 )
0 0573(1 )
O 4425(1')
0  1583 (1 )
o  3421 (1 \

o 8224(2)
o 8227(3)
0 20es(3)
0 2109(3)
0 5325(2)
o 5344(21
0 641 6(3)
0 641 2(3)
0 0279(6)
0 0308(6)
0.3537(6)
0.3550(6)
0 s4s4(6)
0 5466(6)
0 7080(6)
0.7092(6)
o  7711 (7 )
0 7691 (7)
0.2444(7)
o 2485(7)
0 7987(6)
0 7986(6)

th

o 5044(7)
0 17502(8)
0.4667(8)
0 1446(9)
0.1 458(1 0)
0 0289(9)
0 861 e(8)

o 8229(2)
o 8223(2)
0 21 15(2)
0 21 05(2)
0 5340(2)
0.5333(2)
0.6407(21
0.641 1(2)
0 0288(6)
0 0285(6)
0 3592(6)
0 3619(6)
0 s463(6)
0 5449(6)
0 7160(6)
0 7120(6)
0.7637(6)
0 7606(6)
0.2412(71
0 238e(7)
0 7948(6)
0 7961 (6)
Yz
Y2

0 4991 (7)
o 17711(7',)
o 47OO(7)
0.1 506(9)
0.1 493(1 0)
0 0238(8)
0.8631 (7)

0 822s(3)
0 8230(3)
0 21 1 0(3)
0 21 07(3)
0 5335(3)
0 5333(3)

0 99(4)
1 05(4)
1  01 (4 )
0.ss(4)
0 e1(4)
0 e1(4)
0.es(4)
0 e4(4)
1  4 (1 )
1  4 (1 )
2  0 (1 )
2 .0 (1 )
1  7 (1 )
1 . 5 ( 1 )
1  e ( 1 )
2 .0 (1 )
2 1 ( ' t )
2  0 (1 )
2  6 ( 1 1
2  5 (11
1  . 3 (1 )
1 .4 (1 )
2.9(2)
28(2)
2 .6 (1 )
1  74 (1 )
3 7(2)
4 8(2)
4 8(2)
41 (21
4 o(2)

0 e5(4)
0 s5(4)
1.09(4)
1 09(4)
1  01 (4 )
0 90(4)
0 94(4)
0 e0(4)
1  s ( l )
1  4 (1 )
2 ,0 (1 )
1  e (1 )
1  8 (1 )
1  5 ( 1 )
1  8 (1 )
1  8 ( 1 )
2  0 (1 )
1  e (1 )
2.6(1)
2.5(1)
1  6 (1 )
1  5 (1 )
3.0(2)
2 8(2)
2  4 (1 )
1 60(1 )
3 6(2)
4 s(2)
5 2(21
41 (21
3.8(2)

1 38(5)
1 39(5)
1  41 (s )
1 40(5)
1 37(s)
1 32(5)

0.9065(3)
0 9060(3)
0 3532(9)
0 3533(9)
0 4240(9)
0 4246(9)
0 7851 (9)
0.7820(9)
0.4457(9)
0 4450(9)
0 0814(9)
0 0798(9)
0.231 3(1 0)
0.2309(1 0)
0.3829(8)
0 3827(9)

0
0 568(1 )
o 2495(1)
0 056(1 )
0  931 (1 )
0 e30(1 )
0.603(1 )
0.076(1 )

TD
TD'
o1

02'
UJ

03'
o4

UC

05'
o6
06'

07'
o8
08'
o9
M
o 1 0
0 1 1
0 1 1 ' ,
012
0 1 3

{010} sector
0.0527{11 06415(3) 13e(5)
0 .4474 (1 )  06417 (3 )  137 (5 )
0 1051(3) 0 0310(7) 1 9(1)
0.3e45(3) 0 031s(7) 1.9(1)
o.124e(4) 0.3562(8) 2.7(2)
0 3753(4) 0 3576(8) 2.6(2)
o 1226(4) 0.547e(8) 2.3(1)
0 3780(4) 0.5465(8) 2.2(1)
0 1400(4) 0.7130(8) 25(2)
0 3604(4) 0 7114(8) 25(2)
0 08e8(4) 0 7689(8) 2 s(2)
0 4098(4) 07677(8) 2 4(1\
0 .9s77 (41  02417 (9 )  31 (2 )
0.5020(4) 02423(sl 3 0(2)
0.9899(3) 07967(7) 1 9(1)
0 5105(3) 0 7e64(8) 2 0(1)
o rz 3 8(3)
1/z lz 3.5(3)
0 2503(4) 0.501 1(9) 2 9(2)
024969(4) 0.17696(9) 1 26(1)
0.24e7(5) 0.4676(s) 41(2)
0 1470(5) o 147(11 5 6(3)
03527 (51  0148 (1 )  56 (3 )
0 2493(5) 0 02s(1) 52(2)
0.2495(4) 08628(e) 48(21

{olu {o1o}

Note. Refined M-site contents: {011} sector : SrouoBaonuKoo,, {610}
sector : SronoBao.rKoo,, and {010} sector : Sro"rBaoroKoo, O10-O13are
H,O O atoms.

A Al,si I s,
O o I o(Hzo)

Frcunn 3. Schematic representations of Al occupancres, es-
timated from the method of Smith (1974'), aI" the tetrahedral sites
(T) around the Sr atom for the {011}, {610}, and {010} sectors
View is down the .z axis. The pseudomirror plane (Pseudo-m) is
vertical. Al occupancies estimated using the method of Artioli et
al (1985) are given in Table 7.

{610}

TB
TB'
T'
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TraLe 6. Selected interatomic distances (A) and bond
angles (')

TABLE 6.-Continued

Tetrahedron
TA-O1 1 6s8(5)
TA',-O1', 1 674(5)
TA-O4 1.638(5)
rA'-o4' 1.646(5)
TA-O5 1 653(5)
TA',-Os', 1.663(5)
TA-O7 1.6s5(s)
TA'-O7', 1.662(5)

TB-O1 1.6s0(s)
TB' , -O1' ,  1.641(s)
TB-O2 1 623(5)
rB'-o2'  1618(5)
T8-06 1 627(5)
TB',-OG', 1.628(5)
TB-O7 1 637(5)
rB'-o7' 1 635(5)
TC-O2 1 67s(5)
TC',-Oz', 1 .685(5)
TC-O3 1.659(5)
TC',-O3', 1.663(5)
TC-O4 1 644(5)
rc ' -o4'  1635(5)
TC-Og 1 627(61
TC',-Og 1 625(6)

TO-O3 1.632(5)
TD',-O3', 1 620(5)
TD-Os 1 628(5)
TD' , -O5' ,  1.613(5)
TD-O6 1.602(s)
TD',-Oo', 1.589(5)
TD-O8 1.599(2)
TD',-O8', 1 594(2)

Tetrahedron
TA-O1 1 647(s)
TA',-O1', 1 653(s)
TA-O4 1.629(5)
rA'-o4' 1.649(s)
TA-O5 1.644(5)
TA' , -Os' ,  1.651(5)
TA-O7 1 645(5)
1{', -O7' 1 .64s(s)

TB.O1
TB ' -O1 '
TB-02
rB'-o2'
TB-O6
TB'.O6'
TB-O7
rB'-o7'
TC-O2
rc'-o2'
TC-O3
TC',-O3',
TC-O4
rc'-o4'
TC-09
TC',-O9

TD-O3
TD'-O3'
TD-O5
TD'-O5'
TD-O6
TD'-06'
TD-O8
TD'-O8'

1 662(5)
1 67s(5)
1 64s(5)
1.65e(5)
1.646(5)
1.660(5)
1 651(s)
1 .661 (5 )
1 676(5)
1 655(5)
1 681 (5)
1.665(5)
1.662(5)
1.630(5)
1.654(5)
1.622\5)

1 610(5)
1 610(5)
1.606(5)
1.60e(5)
1.5e2(5)
1.58e(5)
1.s94(2)
1 s96(2)

{011} sector

M-O1
M-O1' ,
M-O2
M-o2'
M-O10
M-O11
M-O11 ' ,
M-O12
M-O13

TB.O1.TA
TB'-O1'-TA'
TB-02-TC
rB'-o2'-rc'
TD-O3-TC
TD',-O3',-TC'
TA-04-TC
TA',-O4',-TC',
TD-O5-TA
TD'.O5'-TA'
TD-O6-TB
TD'.06'.TB'
TB-07-TA
TB'-O7'-TA'
TD.O8.TD'
TC-Og-TC',

{610} sector

M-O1
M-Ol ' ,
M-O2
M-O2',
M-O10
M-O11
M-O11 ' ,
M-O12
M-O13

TB-O1-TA
TB'-O1'-TA'
TB-02-TC
TB',-O2',-TC',
TD-O3-TC
TD',-03',-TC',
TA-O4-TC
TA',-O4',-TC',
TD.O5.TA
TD'-O5'-TA'
TD-O6.TB
TD'-06' -TB'
TB-O7-TA
TB'-O7'-TA'
TD-O8-TD'
TC-Og-TC',

2.8e4(5)
2.876(5)
2 81 5(5)
2 809(5)
2 685(6)
2.7s6(7)
2.817(7\
2.707(6\
2.603(6)

133 6(3)
133.e(3)
145.6(3)
145.0(3)
1 39 3(3)
1 3s 3(3)
150.3(4)
149 8(4)
138 8(4)
139.5(3)
1s6.2(4)
157.8(4)
136.1 (3)
136.2(3)
180
162 2(4)

2 904(s)
2 868(4)
2.826(5)
2.832(5)
2.703(6)
2.832(7)
2.858(7)
2.756(6)
2 651 (6)

134.3(3)
132.8(3)
1 45 4(3)
1 4s 6(3)
139 3(3)
140.5(3)
146 6(3)
147 2(3)
142 2(3)
141 .0(3)
153.0(4)
151.7(4)
136.s(3)
1 36 7(3)
180
159 1 (3)

Tetrahedron
TA-O1 1.670(6)
TA',-O1', 1 675(6)
TA-O4 1 638(6)
rA'-o4'  1.641(6)
TA-O5 1 646(6)
TA',-Os', 1 655(6)
TA-O7 1 652(6)
TA',-O7', 1 .660(6)

TB-O1 1 647(6)
TB' , -O1' ,  1.643(6)
TB-O2 1.633(6)
rB'-o2' 1.636(6)
T8-06 1 627(61
TB',-Oo', 1.630(6)
TB-O7 1.640(6)
TB'-O7' 1 639(6)
TC-O2 1 684(6)
rc'-oz' 1 668(6)
TC-O3 1 679(6)
TC',-O3', 1 667(6)
TC-O4 1 654(6)
rc'-o4' 1 .643(6)
TC-Og 1 638(7)
I u -uY t.oJz\t )

TD-O3 1 618(6)
TD',-O3', 1 625(6)
TD-Os 1.621(6)
TD' , -Os' ,  1615(6)
TD-O6 1 612(7)
TD',-O6', 1 607(6)
TD-O8 1 .601(2)
TD' , -O8' ,  1601(2)

[010] sector

M-O1
M-O1 ',

M-O2
M-O2',
M-O10
M-O11
M-O11 ' ,
M-O12
M-O13

TB-O1-TA
TB'-O1'-TA'
TB-02-TC
TB',-O2',-TC'
TD-O3-TC
TD'-O3' .TC'
TA-04-TC
TA',-O4'-TC',
TD-O5-TA
TD'-O5'-TA'
TD-O6-TB
TD'-06'-TB'
TB-O7-TA
TB'-O7'-TA'
TD-O8.TD'
TC-Og-TC',

Cation

Angles

Angles

Angles

2.886(6)
2.886(6)
2 807(7)
2 823(7)
2.688(7)
2 809(e)
2.818(9)
2.732\81
2.622(8)

133.3(4)
133.1(4)
144.6(4)
14s.2(4)
138.e(4)
139.2(4)
147 8(5)
148.4(s)
140 4(4)
140 2(41
154.4(s)
154 7(5)
136.1(4)
13s.8(4)
180.0
160.8(4)

Nofe; Refined M-site contents: {01 1} sector : SrouoBaoouKoo,, {610}
sector : SronoBaorrKoo,, and {010} sector : Sro"rBao"nl(oo, 010-O13
are H2O O atoms.

The (610) face consists of rough striations parallel to
the c axis, on which vicinal faces are inclined toward the
mirror plane. Al occupancy is larger in the TC site than
in the TC' site, and therefore the symmetry of the {610}
sector is triclinic.

The vicinal faces on the (010) surfaces are slightly in-
clined toward the mirror plane. In the {010} sector, Al
occupancies are larger in the TA' and TC sites than in
the TA and TC' sites. Hence, the symmetry of the sector
is triclinic as well.

Because the {010} sector occupies a large portion of
the crystal volume, it is likely that both Perrotta and
Smith (1964) and Schlenker et al. (1971) analyzed the

{010} sector, the structure of which is nearly monoclinic.
In addition, the diffraction maxima of 0ft0 (>3o, k : odd)
are weak and not easily observed.

Aluminosilicates that grow at low temperature show
various sectoral textures. Their optical and X-ray sym-
metries are commonly lower than their morphological
symmetry. Examples include triclinic chabazite (Akizuki
1981a; Smith et al. 1964), tetragonal and orthorhombic
analcime (Akizuki l98lb; Mazzi and Galli 1978), and
orthorhombic stilbite (Akizuki and Konno 1985; Akizuki
et al. 1993). Edingtonite has been observed to consist of
tetragonal and orthorhombic sectors (Akizuki 1986; Maz-
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Teale 7. Estimated Al contents (%) and averaged T-O distances (A) in the T sites

{01 1}
sector Af Al.-

i610)
sector Al- Al.-

{010}
sector At. Schlenker et al. (1977)

35 35
40 40
25 20
25 20
45 50
40 40
1 0  5
1 0  5

30 25
35 30

45 45
50 50
30 30
0 0
0 0

TA
TA'
TB
TB'
TC
rC,
TD
TD'

JC

40
20
20
40
40
1 0
0

1 651 (5)
1 661 (5)
1 634(5)
1 631 (5)
1 651 (s)
1.652(5)
1 61 5(4)
1.604(4)

1 641 (5)
1 650(5)
1 .651(5)
1 664(5)
1.668(5)
1.643(s)
1.601 (4)
1 601(4)

1 652(6)
1 658(6)
1 637(6)
1 637(6)
1.664(6)
1.653(6)
1 613(5)
1 61 2(5)

JC

45
25
20
35
35
1 0
0

1 645(4) <30.k

1 664(4) <40"/o

1 660(4) <4oo/o

1.607(4) -O%

Note. The uncertainlies in Al contents arc ).sok, on the basis of the deviations of T-O bond length
* Al contents estimated using the method of Smith (1974)

'" Al contents estimated using the method of Artioli et al. (198S).

zi et al. 1984; Grice et al. 1984), although they are ac-
tually triclinic. Also, triclinic and monoclinic adularia
crystals have been found to consist of fine-scale sectors
corresponding to surface-growth features (Akizuki and
Sunagawa 1978). The origins of the lower symmetries of
these crystals were explained by a mechanism similar to
that described for brewsterite. It is possible that most ze-
olites show anomalous optical properties indicating lower
symmetry. The lower symmetries, howeveq are appar-
ently produced by crystal growth, rather than by strain in
the crystal.
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