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Zektzerite, NaLiZrSiuO,u: a silicate with six-tetrahedral-repeat double chains

SusnA.rn GHosn nNo Cus'Nc Wa'N

Department of Geological Sciences, Uniuersity of Washington

Seal t le. Washinston 98 I 9 5

Abstract

zektzerite, Nal-iZrSiuo,u, is orthorhombic, space group Cmca, with cell dimensions: a :

14 .330(2) ,  b  :  17 .354(2) ,  and c  :  10 .164(2)4 ;  Z  :  8 .The c rys ta l  s t ruc tu re  has  been

determined by the symbolic addit ion method and ref ined by the method of least squares to an

R factor of 0.040 for 2389 ref lect ions, measured on an automatic single-crystal dif fractometer.

The crystal structure of zektzeri te is a three-dimensional framework consist ing of (a) edge-

sharing Na-polyhedral chains, (b) octahedral-tetrahedral chains, formed by alternating Li

tetrahedra andZr octahedra sharing edges, and (c) corrugated double-si l icate chains with six-

tetrahedraf repeat (Seclrser-Doppelkette) and three dif ferent four-membered r ings. The Li

tetrahedron, with an average Li-O distance of 1.959A, shows strong angular distort ion. The

Zr octahedron is nearly regular, with an average Zr-O distance of 2.0'/4A. The sodium atom

occurs in an irregular cavity formed by the corrugation of the si l icate double chains; i t  is

coordinated to six oxygen atoms at distances of 2.37-2.6'7A, and four more oxygen atoms at

d is tances  o f  3 .12-3 .23A.  The average S i -O bond lengths  w i th in  the  S i ( l ) '  S i (2 ) '  and S i (3 )

t e t r a h e d r a a r e l . 6 l 4 ,  l . 6 l 6 , a n d l . 6 l 0 A . T h e S i - O - S i  b o n d a n g l e s i n v o l v i n g o x y g e n s l y i n g o n

mirror planes average 155.7", whereas those within the single si l icate chain average l4'7.6".

The larger Si-O-Si angles are associated with shorter Si-O bonds. Zektzeri te is isostructural

with tuhuali te, (Na,K)Fer+Fe3+Si"O,u, and synthetic Na2MgrSiuo,r.  Provided the valence

balance and coordination requirements are satisf ied, a large number ofsi l icates can crystal l ize

within this structure type.

Introduction

Zektzerite, LiNaZrSi.O15, ? Il€w mineral found in

miarolit ic cavities of the Golden Horn batholith near

Washington Pass, North Cascades, Washington, oc-

curs in association with quartz, microcline, aegirine.

riebeckite, astrophyll ite, zircon, and elpidite. It is

orthorhombic and occurs as translucent colorless

stout prisms. Dunn et al. (1977) determined its opti-

cal properties, unit-cell dimensions and possible

space groups; they also noted the similarity of its cell

d imensions and chemical  composi t ion wi th those of

tuhual i te ,  (Na,K)zFe7+Fe;+Si ' rOgo.  HrO. The present

structure determination shows that these two miner-

als are indeed isostructural, containing double sil icate
chains with six-tetrahedral repeat (Sechser-Doppel-

ket te\ .1

1 See [ . iebau (1972) for  the terminology and a c lassi f icat ion of

s i l icate structures based on chain types.

0003-004x /78 /0304-0304$02.00

Experimental

A sphere with a diameter of 0 44 mm was ground

from a single crystal fragment using a sphere grinder

(Bond,  1951 ) .  The s ingle-crysta l  sphere was mounted

on the computer-controlled automatic single-crystal

X-ray diffractometer (Syntex PT), and the unit-cell

dimensions were refined by the method of least

squares, using l5 reflections measured with MoKa

radiation with20 values between 30o and 40" (Table

l ) .  The uni t -ce l l  d imensions are in  good agreement

wi th those determined by Dunn et  a l .  (1977).  The

intensities of all reflections within a 20 value of 65"

were measured on the diffractometer, using MoKa

radiation monochromatized by reflection from a

graphi te "s ingle"  crysta l ,  and a sc int i l la t ion counter .

A var iable scan rate was used,  the min imum being

2" /min (50kV,  12.5 mA),  Out  of  a tota l  2389 ref lec-

t ions,  316 were below 3o(1) ,  where o(1)  is  the stan-

dard deviation of the measurement of the intensity, 1,
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Orthorhonbic, i@

a ( ; )  =  1 4 . 3 3 0 ( 2 )

b ( L )  =  r i . 3 s 4 ( 2 )

c t i ;  =  1 s . 1 6 4 1 r ,

Space group: Clnca

Table I Zektzerite: crystal data

zektzer i te,  Nal iz !s i601s:  
$:1f l : l_ lH" 

barhol i th,  N.  cascades,

Color less. t ranslucent DrisN

ce1 l  vo lune:  2527.61 .7)L3

Cel1  conteoE:  8 [NaL iz rS iUOrr l

- 3
D :  2 . 7 9 e c m "

m -

- 1
D :  2 . 8 0 s c n -

c -

U ( l 4 c K 0 ) :  1 5 . 4 0 9  c n - 1

culation based on these atoms followed by difference
Fourier synthesis yielded the positions of one sil icon
and two oxygen atoms. These atomic positions were
refined by the method of least squares. The difference
Fourier synthesis subsequently calculated revealed
the posi t ion of  the l i th ium atom.

Al l  the atomic posi t ional  and thermal  parameters
were refined by the method of full-matrix least
squares us ing the RrtNe program (Finger ,  1969).  The
observed structure factors (Fo's) were weighted by l/
6t(F.), where o(F") is the standard deviation of Fo, as
determined by the count ing stat is t ics.  The atomic
scattering factors for Li, Na, Zr, Si, and O were taken
from Cromer and Mann (1968),  and corrected for
anomalous d ispers ion (Cromer and L iberman,  1970).
Three cycles of refinement using anisotropic temper-
ature factors yielded a final R-factor of 0.040 for all
reflections. 40 strong low-angle reflections (with F,-
F. > 10.0 were believed to be suffering from ex-
tinction and were excluded from the refinement. The
refinement converged at this stage, the average shift
u . r .  error  being 0.00.  The f ina l  atomic posi t ional  and
thermal  parameters are l is ted in  Table 2.  Observed
and calculated st ructure factors are l is ted in  Table 3. 'z
The bond lengths and angles,  and the d imensions of

'?To obtain a copy of  th is table,  order Document AM-78-065

from the Business Off ice,  Mineralogical  Society of  America,  1909
K  S t ree t ,  N .W,  Wash ing ton ,  D  C .  20006  P lease  rem i t  $ l  00  i n
advance for  the microf iche

as derived from the counting statistics. The intensity
data were corrected for Lorentz and polarization fac-
tors. No absorption corrections were made, since the
linear absorption coefficient of zektzerite for MoKa
radiat ion is  smal l  (Table I  ) .

Determination and refinement of the crystal structure

Dunn et  a l .  (1977) could not  d is t inguish between
the two possible space groups Cmca and C2ca. The
Wi lson stat is t ics of  the measured intensi t ies indicated
the presence of a center of symmetry and Cmca as the
correct space group. The crystal structure was deter-
mined d i rect ly  by the sy inbol ic  addi t ion method
(Kar le and Kar le,  1966),  us ing the computer  program
MurrnN (Germain et  a l . ,  l97 l ) .  The f i rs t  E-map
showed the posi t ions of  the sodium, z i rconium, two
sil icon, and seven oxygen atoms. Structure-lactor cal-

Table2 Zektzer i te:  atomrc posi t ional  and thermal  parameters (standard deviat ions in parentheses)

Atom B eqt R *- 1 1 8,, R B z t9uBtz

Na 0 .25000

Li  0.247t2(44)

Z r  0 .25000

s 1 ( 1 )  0 . 3 9 0 9 1 ( 4 )
s i ( 2 )  0 . 3 8 9 6 s ( 4 )
s i  ( 3 )  0 .39072 (4 )

o (1 )  o .3707o ( r2 )
0 ( 2 )  0 . 3 2 8 0 1 ( 1 0 )
0  (3 )  0 .  36177  (11 )
0 ( 4 )  0 . 3 2 9 7 8 ( 1 0 )
0 ( s )  0 . 3 6 0 6 4 ( 1 1 )
0  (6 )  0 .  32984  (1 r )
0 ( 7 )  0 . 5 0 0 0 0
0 (8 )  0 .50000
0 ( 9 )  0 . 5 0 0 0 0

0 .  21648  (8 )

0.  00000

-0 .08805  (1  )

0 . 1 2 8 6 9  ( 3 )
0 . 0 7 3 0 6 ( 3 )
0 . 1 9 2 8 1  ( 3 )

0 . 2 1 9 7 0 ( 8 )
0 . 0 7 8 5 1  ( 8 )
0 .  11174  (9  )

- 0 .  00240  (8  )
0 . 1 4 0 1 7 ( 8 )
0 .1740s  (8 )
0.  11001 (rs)
0 . 0 s 6 8 3 ( 1 3 )
0 .  18146  (14 )

0 . 2 5 0 0 0  2 . 1 0 ( 3 )

0 .  00000  1 .12  (8 )

0 . 2 5 0 0 0  0 . 3 8  ( r )

0 . 0 r 7 9 2 ( 5 )  0 . s 1 ( 1 )
0 . 3 1 1 4 8 ( 5 )  0 . 5 1 ( r )
0 . s 4 1 4 3 ( 5 )  0 . 5 3 ( r )

- 0 . 0 0 5 4 2  ( 1 6 )  L . 2 L ( 2 )
- 0 . 0 7 8 8 7 ( 1 4 )  0 . 7 3 ( 2 )
0 . 1 7 0 5 4 ( r s )  L . 0 2 ( 2 )
0 . 3 4 0 9 5 ( 1 4 )  0 . 7 9 ( 2 )
0 . 4 1 5 9 r ( 1 5 )  0 . 9 3 ( 2 )
o . 6 6 8 2 9 ( L 4 )  0 . 8 7  ( 2 )

- 0 . 0 0 1 3 2 ( 2 4 )  r . 3 3 ( 4 )
o.3L7 sr(24) 1.1s (3)
0 . 5 7 0 8 r  ( 2 s )  1 . 3 4  ( 4 )

2 5 L ( 7 )  7 8  ( 4 )

L52 (22 )  107  (15 )

s3  (1 )  29  ( r )

59 (2 )  42 (L )
63 (2 )  41 ( r )
6 7  ( 2 )  3 9 ( 1 )

2 2 2 ( 8 )  5 0 ( 4 )
9 e ( 6 )  s 6 ( 4 )

136  (7 )  102  ( s )
L 0 2 ( 6 )  s 3 ( 4 )
L36 (7 )  64 (4 )
1 2 1  ( 6 )  7 L ( 4 )

5 6 ( e )  1 7 0 ( 8 )
41  (8 )  115  (7 )
7  2 ( 9 )  1 4 8  ( 8 )

799(L7) 0

r9 t  ( 40 )  0

8 8 ( 2 )  0

r 2 e ( 4 )  - 6 ( 2 )
L29 (4)  -8 ( r )
137  (4 )  - 5 (2 )

28? G4) s (s)
r 72 (LL )  - 15 (4 )
r72 ( r2 )  7  ( 5 )
2L7 (r2)  -27 (4)
22r(L3) -1 (4)
184 (12 )  - 16 (4 )
362(2L) 0
4L9 (22 )  0
4OO(22) 0

2o9(L)  0

o  -2 (20)

-1  (1 )  0

-9(3)  - r (2 )
2  (3 )  -7  (2 )
7  (3 )  -e  (2 )

- 2 e ( e )  - 4 ( 6 )
-27  (7 )  -4 (s )
-3  (7 )  3s  (6 )
2 ( 7 )  - 1 0 ( s )
0(7)  -50(6)

s2  (8 )  -3  (s )
0 -31 (1r)
0  -1 (10)
0  25  (10)

T .
E q u r v a l e n c  t s o c r o p a c  t ,

* F o r m  o f  t h e  a n i s o t r o p i c

ca lcu ia ted  f rom an iso t rop ic

tempera ture  fac to r  (x105; :

temperatur^e factors
3 J

e x p  t  r ,  L  ) 1 " . i 1  
; F ;  i J

u - u  J - L
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Table4 Zektzeri te: interatomic distances (A) and angles ( ')  (standard deviat ions in parentheses)

The Na

N a  - -  0 ( 3 )  2 , 5 5 4 ( 2 ) ( x 2 )
N a  -  0 ( 5 )  2 . 6 6 7 ( 2 ) ( x 2 )
N a  -  0 ( 6 )  2 . 3 6 8 ( 2 ) ( x 2 )
N a  -  0 ( 1 )  3 . r 2 o ( 2 ) ( x 2 )
N a  -  0 ( 1 ' )  3 . 2 2 5 ( 2 ) ( x 2 )

Mean o f  6  2 .530
M e a n  o f  1 0  2 . 7 8 7

0 ( 3 )  -  0 ( 3 ' )  3 . 5 8 7 ( 3 )
0 ( 3 )  -  0 ( 5 )  2 . 5 4 2 ( 2 ) ( x 2 )
0 ( 3 )  -  0 ( 5 ' )  3 . 3 4 2 ( 2 )  ( x 2 )
0 ( 3 )  -  0 ( 5 )  3 . 7 4 6 ( 2 ) ( x 2 )
0 ( 5 )  -  0 ( 6 )  4 . I I 4 ( 2 ) ( x 2 )
o ( 6 )  -  o ( 6 ' )  2 . 8 2 1 ( 3 )
0 ( 1 )  -  0 ( 1 r )  3 . 5 I 8 ( 3 ) ( x 2 )
0 ( 1 )  -  0 ( 3 )  2 . 5 9 3 ( 2 ) ( x 2 )
0 ( t )  -  0 ( 5 )  3 . t 0 4 ( 2 ) ( x 2 )
0 ( 1 )  -  0 ( 6 )  2 . 6 r e ( 2 ) ( x 2 )
0 ( 1 ' )  -  0 ( s )  2 . 5 6 4 ( 2 ) ( x z )
0 ( 1 ' )  -  0 ( 6 )  1 . 4 6 0 ( 2 ) ( x z )

?oLghedron

9 ( l ) - N a - 0 ( 3 ' )
0 ( 3 ) - N a - 0 ( s )
0 ( 3 ) - N a - 0 ( 5 ' )
0 ( 3 ) - t l a - 0 ( 6 )
0 ( s ) - N a - 0 ( 6 )
0 ( 6 ) - N a - 0 ( 6 ' )
0 ( 1 ) - N a - 0 ( 1 r )
0 ( 1 ) - N a - 0 ( 3 )
0 ( 1 ) - N a - 0 ( 5 )
0 ( 1 ) - N a - 0 ( 6 )
0 ( 1 ' ) - N a - 0 ( 5 )
0 ( 1 ' ) - N a - 0 ( 6 )

:he  L1  le f rahe@on

l he  S i (1 )

s i ( 1 )  -  0 ( 1 )  1 . 6 2 3 ( 2 )
s i ( 1 )  -  0 ( 2 )  1 . 5 9 3 ( 2 )
s i ( 1 )  -  0 ( 3 )  1 . 5 3 3 ( 2 )
s i ( 1 )  -  0 ( 7 )  1 . 6 0 8 ( 1 )

Mean I .614

o ( 1 )  -  o ( 2 )  2 . 6 3 3 ( 2 )
o ( 1 )  -  o ( 3 )  2 . 5 9 3 ( 2 )
o ( r )  -  0 ( 7 )  2 . 6 5 1 ( 2 )
o ( 2 )  -  0 ( 3 )  2 . 6 4 4 ( 2 )
o ( 2 )  -  o ( 7 )  2 . 6 4 5 ( 2 )
0 ( 3 )  -  0 ( 7 )  2 . 6 4 7 ( 2 )

Meas 2 ,636

Tetrdhedron

0 ( 1 )  -  s i ( 1 )  -  o ( 2 )  1 0 9 . 9 2 ( 8 )
o ( 1 )  -  s i ( 1 )  -  0 ( 3 )  1 0 5 . s 7 ( 8 )
0 ( 1 )  -  s i ( 1 )  -  o ( 7 )  1 1 0 . 6 0 ( 1 r )
o ( 2 )  -  s I ( 1 )  -  0 ( 3 )  1 l - 0 . 0 8 ( 8 )
0 ( 2 )  -  s i ( 1 )  -  0 ( 7 )  1 1 1 . 3 8 ( 1 0 )
0 ( 3 )  -  s i ( 1 )  -  0 ( 7 )  1 0 9 . 1 2 ( 1 1 )

Mean L09.45

0 ( 2 ) - L i - 0 ( 2 ' )
0 ( 2 ) - L i - 0 ( 4 )
0 ( 2 ) - L i - 0 ( 4 ' | )
o ( 4 ) - L i - o ( 4 ' )

llean

s 9 . 2 4 ( B )
58.24  (5 )  (x2)
7 9 . 6 0 ( 5 )  ( x 2 )
9 9 . 0 4 ( s )  ( x 2 )

1 0 9 . 4 s ( s )  ( x 2 )
7 3 . 3 1  ( 8 )

1 0 9 . 7 6 ( 5 )  ( x 2 )
53  .21  (4 )  (x2)

1 0 1 . 8 6 ( 5 )  ( x 2 )
54 .97  (4 )  (x2)
5 0 . 5 2 ( 4 )  ( x 2 )
1  4  .67  (5 )  (x2)

1 7 O . 8 4  ( 7  )
9 1 .  u  ( s )  ( x 2 )
8 2 . 3 6 ( 5 )  ( x 2 )
9 5  . 5 6 ( 6 )  ( x 2 )
9 1 . 1 0 ( 6 )  ( x 2 )
4 9 . 3 7 ( 8 )
9 r . 9 0 ( 6 )  ( x 2 )

r7  7  .  s9  (6 )  (x2)
8 6 . 9 0 ( 8 )
9 0 .  0 3

s i ( 2 ) - 0 ( 3 )  1 6 3 2 ( 2 )
s i ( 2 )  -  0 ( 4 )  1 . 5 9 4 ( 2 )
s i ( 2 )  -  o ( 5 )  1 . 6 3 0 ( 2 )
s i ( 2 )  -  0 ( 8 )  1 . 6 0 7 ( r )

Mean I .6L6

o ( 3 )  -  o ( 4 )  2 . 6 1 1 ( 2 )
0 ( 3 )  -  0 ( 5 )  2 . 5 4 2 ( 2 )
o ( 3 )  -  o ( 8 )  2 . 6 5 8 ( 2 )
o ( 4 )  -  o ( 5 )  2 . 6 2 6 ( 2 )
o ( 4 )  -  o ( 8 )  2 . 6 5 9 ( 2 )
o ( s )  -  o ( 8 )  2 . 6 6 r ( 2 )

Mean 2 .636

The

s i ( 3 )  -  o ( r )  r . 6 1 7 ( 2 )
s i ( 3 )  -  0 ( s )  1 . 6 2 7 ( 2 )
s i ( 3 )  -  0 ( 6 )  1 . s 9 0 ( 2 )
s i ( 3 )  -  0 ( 9 )  1 . 6 0 6 ( 1 )

Mean 1 .610

0 ( 1 )  -  0 ( s )  2 . 5 6 4 ( 2 )
0 ( 1 )  -  0 ( 6 )  2 . 6 1 e ( 2 )
o ( 1 )  -  o ( 9 )  2 . 6 4 r ( 2 )
0 ( 5 )  -  o ( 6 )  2 . 6 6 8 ( 2 )
o ( s )  -  o ( 9 )  2 . 6 4 2 ( 2 )
0 ( 6 )  -  o ( 9 )  2 . 6 3 5 ( 2 )

Mean 2 .628

Cation - Cation distffices

s i ( 1 )
s i  ( 1 )
s i ( r )
s i ( 2 )
s 1 ( 2 )
s i ( 3 )

t-i -
Z r -
Z t -
Z r -
Z r -

The Si(2) Tet"ahedran

s i ( 3 )  T e t P a l r c d r o n

0 ( 3 )  -  s i ( 2 )  -  o ( 4 )  1 1 r . 7 9 ( 8 )
o ( 3 )  -  s i ( 2 )  -  o ( s )  1 0 2 . 4 4 ( 8 )
0 ( 3 )  -  s i ( 2 )  -  0 ( 8 )  1 1 0 . 2 7  ( 1 1 )
o ( 4 )  -  s i ( 2 )  -  o ( s )  1 0 e . 1 1 ( 8 )
o ( 4 )  -  s i ( 2 )  -  0 ( 8 )  1 1 2 . 2 4 ( 1 0 )
0 ( s )  -  s i ( 2 )  -  0 ( 8 )  1 1 0 . s 7 ( 1 0 )

Mean 109.40

L i  -  0 ( 2 )  1 . 9 5 0 ( 4 )  ( x 2 )
L i  -  0 ( 4 )  1 . 9 5 7  ( 4 )  ( x 2 )

Mean 1 .959

0 ( 2 )  -  0 ( 2 ' )  3 . 1 6 1 ( 3 )
0 ( 2 )  -  0 ( 4 )  3 . 5 9 6 ( 2 ) ( x 2 )
0 ( 2 )  -  0 ( 4 ' )  2 . 7 4 2 ( 2 ) ( x 2 )
0 ( 4 )  -  0 ( 4 ' )  3 . 2 3 4 ( 3 )

Mean 3 .179

The

z r - 0 ( 2 )  2 0 1 4 ( I ) ( x 2 )
z r  -  o ( 4 )  2 . 0 9 1 ( 1 )  ( x 2 )
z t  -  0 ( 6 )  2 . 0 5 6  ( 1 )  ( x 2 )

Mean 2 .074

0 ( 2 )  -  0 ( 4 )  2 . 9 7 3 ( 2 ) ( x 2 )
0 ( 2 )  -  0 ( 4 ' )  2 . 7 4 2 ( 2 ) ( x z )
0 ( 2 )  -  0 ( 6 )  3 . 0 5 e ( 2 )  ( x 2 )
0 ( 2 )  -  0 ( 6 ' )  2 . 9 4 8 ( 2 ) ( x 2 )
o ( 4 )  -  0 ( 4 , )  2 . 9 4 0 ( 3 )
0 ( 4 )  -  0 ( 5 )  2 . e 8 0 ( 2 ) ( x 2 )
0 ( 6 )  -  0 ( 6 ' )  2 . 8 2 7  ( 3 )

Mean 2 .93 I

zr )ctahedran

0 ( 2 ) - z t - 0 ( 2 t )
o ( 2 ) - z E - 0 ( 4 )
0 ( 2 ) - z r - 0 ( 4 ' )
0 ( 2 ) - z r - 0 ( 6 )
0 ( 2 )  -  z r  -  0 ( 6 ' )
0 ( 4 ) - z r - 0 ( 4 ' )
0 ( 4 ) - z r - 0 ( 6 )
0 ( 4 ) - z r - 0 ( 6 r )
0 ( 6 ) - z r - 0 ( 6 ' )

Mean o f  12

o ( r )  -  s i ( 3 )  -  o ( 5 )  1 0 4 . 4 4 ( e )
o ( L )  -  s i ( 3 )  -  o ( 6 )  1 0 9 . 4 e ( 8 )
o ( 1 )  -  s i ( 3 )  -  o ( 9 )  1 1 0  0 6 ( 1 1 )
o ( s )  -  s i ( 3 )  -  o ( 6 )  1 1 2 . 0 s ( 8 )
o ( 5 )  -  s i ( 3 )  -  0 ( 9 )  1 0 9 . 5 8 ( 1 1 )
0 ( 6 )  -  s i ( 3 )  -  o ( 9 )  1 1 1 . 0 3 ( 1 r )

Mean 109.44

S i - 0 - S i d n g l e s

s i ( 1 )  -  0 ( r )  -  s i ( 3 )  1 4 7 . 0 4 ( 1 1 )
s i ( 1 )  -  o ( 3 )  -  s i ( 2 )  L 4 7 . 1 1 ( 1 1 )
s i ( 2 )  -  0 ( 5 )  -  s i ( 3 )  1 4 7 . 6 0 ( 1 1 )
s i ( 1 )  -  0 ( 7 )  -  s i ( 1 ' ) 1 5 2 . 7 7 ( 1 7 )
s i ( 2 )  -  o ( 8 )  -  s i ( 2 ' ) 1 5 9  3 s ( 1 7 )
s i ( 3 )  -  o ( 9 )  -  s i ( 3 ' ) 1 5 4 . 2 6 ( 1 7 )
L i  -  O ( 2 )  -  z r  9 4 . 5 8 ( 1 2 )
L i  -  o (4)  -  z r  94 .16(12)

-  s i ( 1 ' )  3 . 1 2 6 5 ( 1 1 )
-  s i ( 2 )  3 . 1 3 6 1 ( 8 )
-  s i ( 3 )  3 . 1 0 6 8 ( 7 )
-  s i ( 2 ' )  3 . 1 6 2 5 ( 1 1 )
-  s i ( 3 )  3 . 1 2 7 5 ( 7 )
-  s i ( 3 ' i )  3 . 1 3 1 9 ( 1 r )

z t  2 - 9 6 5 4 ( 2 )  ( x 2 )
s i ( 1 )  3 . 0 4 4 ( 4 )  ( x 2 )
s i ( 2 )  3 . 0 2 0 ( 4 )
S i ( 1 )  3 . 4 6 2 6 ( 5 ) ( x 2 )
s i ( 2 ' )  3 . 4 9 4 6 ( 6 )  ( x 2 )
s 1 ( 3 )  3 . 4 4 4 5 ( 6 ) ( x 2 )

the thermal  e l l ipsoids wi th thei r  s tandard deviat ions
were calculated us ing the program ERnon (Finger ,
1972, private communication). The bond lengths and
angles are l is ted in  Table 4 and the d imensions of
thermal  e l l ipsoids in  Table 5.  The average standard
deviation in Li-O, Na-O, Zr-O. and Si-O bond
lengths are 0.004,  0.002,  0.001,  0.002A and in O-Li -
O,  O-Na-O, O-Zr-O,  and O-Si-O angles 0.20,  0.05,
0.06,  0.09 '  respect ive ly .

Description of the structure

The crystal structure of zektzerite is a three-dimen-
s ional  f ramework,  consis t ing of  three types of  poly-

hedral  chains:  (a)  an edge-shar ing Na polyhedral

chain;  (b)  an octahedral - tet rahedral  chain,  formed
by alternating LiO4 tetrahedra and 2106 octahedra
shar ing edges;  and (c)  a corrugated s i l icate double
chain, with six-tetrahedral repeat (Sechser-Doppel-

kette) (Figs. I a,b,c).

The l',la polyhedral chain

The sodium atoms occur  wi th in cy l indr ica l  chan-
nels, formed by the corrugation of the sil icate double
chains (F ig.  2) .  Of  the ten Na-O bonds wi th in 3.25A,
six are comparatively short, ranging from 2.3684, to
2.66'7 A, forming a highly distorted octahedron;
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s i ( 3 )

0 ( 3 )

0 . 0 7  4
0 . 0 8 1
0 .  0 9 0

0 . 0 8 7
0 .  1 2 1
0 .  1 5 4

0 .  0 8 1
0 . 0 9 5
0.  111

0 . 0 8 8
0 . 1 1 8
0 . 1 3 0

0 .  0 7 5
0 .  1 0 6
0 .  1 1 5

0 . 0 7 8
0 .  1 i 9
0 .  1 2 3

0 . 0 8 2
0 . 1 0 2
0 . 7 2 5

0 . 0 7 5
0 . 1 3 4
o , L 6 4

0 . 0 6 5
0 . 1 3 3
0 . 1 4 8

0 .  0 8 7
0 .  1 3 9
0 . 1 5 5

90
32(7)

r 2 2 ( 2 )

90
0

90

90
84 (9 )

u 4  ( 5 )

r39  (11)
8 0  ( 2 2 )
s L  ( 2 7  )

r26  (10)
r 2 2 ( 1 5  )
r28 (2O)

r04  (9 )
r4 r  (18)
125 (10)

8 8  ( 2 )
76(5)

166 (4  )

1 2 6 ( 1 9 )
8 s  ( 1 5 )

144 (11)

9 s  ( 5 )
14(r2)

r03  (11)

r24 (7 )
109 (16)
140 ( r9 )

9 1  ( 4 )
3(28)

93 (28)

54 (10)
82 (8 )

L43 (7 )

8 8 ( 1 7 )
9 0

2 ( r 7 )

0
90
9 0

58 (10)
42 (22 ' )
65(26)

4 0 ( e )
97  (11)

L29<20)

25(9)
8 9  ( 1 3 )

r 1 ) ( / )

3  ( 4 )
8 9 ( 4 )
8 8 ( 2 )

52  (20)
4  6  ( 1 r )

112 (10)

1 1 2  ( 4 )
79  (1 r )
25(7)

35(7)
96  (11)

r24 (L7)

3 9  ( 6 )
92  (18)

1 2 9 ( 5 )

104 (9  )
156 (8  )
r 0 9 ( 6 )

90
109 (7 )

re (7)

90
r79 (L2)

9 1  ( 1 2 )

90
s5 (14)
3 5  ( 2 3 )

90
5 8 ( 7 )
3 2  ( 2 )

2 ( r 7 )
9 0
92( r7)

90
1 7 4 ( 9 )

9 5 ( 5 )

6 7  ( 8 )
130 (18)

49 (29)

7 5 ( 7 )
147 ( l s )

62(2O)

7 0 ( 6 )
129 (18)

4 6 ( 8 )

8 8  ( 4 )
1 6 6  ( 5 )
104 (4 )

5 8  ( 2 1  )
135 (12  )
1 - r7  (10)

2 2  ( 4 )
8 1 ( 7 )
7 O ( 4 )

8 4  ( 5 )
160 (14)

7 r  ( 1 5 )

5 1 ( 6 )
87  (22)
3 9  ( s )

39  (  10)
1 1 3 ( 7 )

6 0 ( 6 )

9 0
L6r(7 )
r 0 9 ( 7 )

90
9r(r2)

1 ( 1 2 )

90
145 (14)

ss  (23)

Table 5 Zektzer i te:  thermal  e l l ipsoids (standard deviat ions rn
paren theses )

Angle ( )  v i th respect to
Atom Axis mpl*tude

(A) +a +b +c

with alternating LiOo tetrahedral andZrOu octahedra
(Fig.  lb) .  Wi th in the chain the L i -Zr  d is tance is
2.965A. The L i -O d is tances (av.  1.9594) wi th in the
LiOo tetrahedron show very l itt le variation, whereas
the O-Li-O angles show a large variation, ranging
from 88.9o to 133.3 ' .  The Zr  octahedron is  near ly
regular, the Zr-O distances varying from 2.056 to
2.091A (av. 2.074A), and the O-Zr-O angles from
82.4" to 95.6'. It shares one edge [0(6)-0(6')
2.827A1with an adjacent  Na polyhedron.

The corrugated double-silicate chain with six-tetrahe-
dral repeot

The most interesting part of the structure is the
corrugated sil icate chain with six-tetrahedral repeat
parallel to the c axis. Such a single sil icate chain is
connected to an identical chain across a mirror-plane
by sharing corners, giving rise to a double-sil icate
chain (Sec/zser-Doppelkette). These double chains
contain three different four-membered tetrahedral
r i ngs  (F ig .  l c ) .

Th e t h re e-di me ns ional framewo rk

Each octahedral-tetrahedral chain is connected to
four adjacent sil icate double chains by sharing cor-
ners. Likewise, each sil icate double chain is con-
nected to four adjacent octahedral-tetrahedral chains
by corner-sharing. The Na polyhedral chains are con-
nected to a pai r  of  s i l icate double chains on the one
side and an octahedral-tetrahedral chain on the other
by sharing polyhedral edges and corners. A three-
dimensional ffamework structure is formed in this
fashion (F ig.  2) .  The two good c leavages {100} and

{010} break the cat ion-oxygen bonds, leaving the s i l i -
cate double chains intact (cf. amphiboles).

Anisotropic thermal vibration

The thermal  v ibrat ion of  the z i rconium and the
sil icon atoms are nearly isotropic, whereas that of the
lithium atom can be represented by a slightly oblate
spheroid (F ig.  lb) .  Commensurate wi th i ts  envi ron-
ment ,  the thermal  v ibrat ion of  the sodium atom is
st rongly anisotropic ,  the v ibrat ion e l l ipsoid being a
strongly pro late spheroid (F ig.  la) .  The oxygen
atoms are mildly anisotropic, except those bridging
oxygens on mirror planes, which are fairly strongly
anisotropic ,  the maximum vibrat ion d i rect ion being
normal  to the Si -O-Si  p lane (Fig.  1c) .

Comparison with the tuhualite structure and the tuhual-
ite structure tyPe

Zektzerite is isostructural with tuhualite (Merlino,

rL
r 2

rI
?z
! 3

T I
r 2
T3

rT
T 2
r 3

T I
r 2

P1
r 2
r3

T1
r 2

?I
r 2

y 2

r I
r 2
? 3

0 . 1 0 9
o. r29
o . 2 2 6

0 . 1 0 2
o. t26
0 .  1 2 8

0 . 0 6 6
0 .  0 6 7
0 .  0 7 5

0 .  0 7 3
0 .  0 8 2
0 .  0 8 5

0 , 0 1 2
0 . 0 8 1
0 . 0 8 8

0
9 0
9 0

0  ( 1 )

o (4 )

0 ( 5 )

0  ( 6 )

0 ( 8 )

0 ( e )

I I

r 2

! l
r2

TT
r2

rI
rz
r3

rI
!2
r3

180
9 0
9 0

r80
9 0
9 0

r80
9 0
90

within the octahedron, the O-Na-O angles range
from 58.2o to I17.6 ' .  Four  longer Na-O bonds rang-
ing f rom 3.1204 to 3.225A complete the Na poly-
hedron.  Each Na polyhedron shares two opposi te
edges [O( l ) -O( l ' ) ]  wi th two adjacent  Na polyhedra
to form a chain parallel to the c axis (Fig. la).

The octahedral-tetrahedral chain

The Li tetrahedron shares two opposite edges
[O(2)-O(4') 2.742A1with two Zr ocr.ahedra on either
side, thereby forming a chain parallel to the c axis,
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- r r ,  

,  , "Ort"r i te:  s tereoscopic v iews of  the three structural  components:  (a)  the Na-polyhedral  chain;  (b)  the octahedral- tetrahedral
chain,  formed by al ternat ing Li  tet rahedra and Zr octahedra;  and (c)  the corrugaled s i l icate double chain wi th s ix- tetrahedral  repeat

1 9 6 9 )  a n d  a  s y n t h e t i c  o r t h o r h o m b i c  p h a s e
NarMgrSi .Or,  (Cradwick and Taylor ,  1972).  In  tu-
hual i te  and in NarMgrSiuOru,  the octahedral - tet rahe-
dra l  chains consist  of  a l ternat ing Fe2+ tet rahedra and
Fe3+ octahedra, and alternating Mg tetrahedra and
Mg octahedra respect ive ly .  The angular  d is tor t ion
wi th in the Fe2+ and Mg'+ tet rahedra respect ive ly  in
these two structures are closely comparable to the
angular  d is tor t ion found wi th in the L i  te t rahedron in
zektzerite. The coordination of Na [specifically Na(2)
in NarMgrSiuOrul  and the conf igurat ion of  the s i l icate
double chains are c losely comparable in  a l l  three
structures.  In  NarMgrSiuOru there is  an addi t ional
Na -pos i t i on  [Na ( l ) : x  :  0 .0000 ,  y  :  0 .4099 ,  z  :

0.25681,  which is  vacant  in  tuhual i te  and zektzer i te .
This Na s i te  is  n ine-coordinated,  wi th three shor t
Na-O bonds ranging f rom 2.50 to 2.63A,  and three
pairs  o l  long Na-O bonds ranging f rom 2.75 to
3.06,4.  The NaO, polyhedron is  a t r i -capped t r igonal
pr ism, the three c loser  oxygens occurr ing at  the cen-
ters of the prism faces. Because of the larger average
cat ion-oxygen d is tance (2.81A),  th is  s i te  is  more sui t -
able for  potassium. In tuhual i te  K would presumably
nrefer  th is  s i te  over  Na.  The crvsta l -chemical  re la-

t ionships among phases isostructura l  wi th tuhual i te
can be shown in terms of the cation sites:

M(t )  M(2)  M(3)  M(4)

Coordinat ion
n u m b e r 9 l 0 4 6

Na2M92SizOrc

Tuhua l i te .

Na+( l )  Na+(2 )  Mg ' * ( l )  Mg ' * (2 )

(Na,K)Fe'z+ Fe'+Si .O,u
.0 .5  H ,O3

Zektzerite,
L iNaZrSi .O'u

I  Na+,K+ Fe2+ Fe8+

I  Na+ L i+ Zra+

where I indicates a vacancy.
I t  is  c lear  that  prov ided the coordinat ion and tota l
valence balance requirements are satisfied, a large
number of combinations of different cations can pro-

duce the same st ructure type.  Some possib le examples
of other compounds of the tuhualite structure type
are:

3 The infrared spectra of  tuhual i te indicate the absence of  water

mofecules in the structure (G R. Rossman, 1977, pr ivate commu-

n i ca t i on ) .
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O-b
Fig 2 A v iew of  one-hal f  of  the zektzer i te st ructure projected along [00] ;  the second hal f  is  obtained by ref lect ion across a mirror

p l ane  (a t  r  :  t / z \ ,  pass ing  t h rough  t he  oxygen  a toms ,  O (7 ) ,  O (8 ) ,  and  O(9 ) ,  t he reby  doub l i ng  t he  s i l i ca te  cha in  ( l  F i g .  I  i n  Me r l i no ,
r  969) .

309

c

I
0

NarZnMgSiuO,u Nar l - iFe3+Si .O, ,a

NarZn FeSi.O,, NarLiCr3+SiuOru

NarBeMgSi.O, ,  NarLiVs+SiuO,u

NaKFe'z+Fe2+Si6O15 NaMgFe3+Si .Oru

NaLiTi '+SiuOru.

Discussion

The Si-O bond lengths and the ^Si-O-Si angles in
zektzerite

The average Si-O bond lengths wi th in Si ( l ) ,  S i (2) ,
and  S i (3 )  t e t rahed ra  a re  1 .614 ,  1 .616 ,  and  l . 6 l 0A
respectively. The variation of Si-O bond lengths
within each sil icate tetrahedron reflects bond
strengths received by the oxygen atoms from other
cat ions,  in  addi t ion to the contr ibut ion f rom s i l icon.

On the basis of the oxygen coordination the Si-O

a This compound has been synthesized dur ing hydrothermal
growth of  quartz crystals at  Bel l  Telephone Laborator ies (K.  Nas-
sau  and  G .  R .  Rossman ,1977 ,p r i va te  commun i ca t i on )

bonds can be c lass i f ied in to three types:  (A)  oxygens
bonded to one Si  *  Zr  - |  L i  (or  Na),  (B)  oxygens
bonded to two Si  only ,  (C)  oxygens bonded to two Si
*  Na.  The Si-O bonds involv ing oxygens of  (A) ,  (B) ,
and  (C )  t ypes  ave rage  1 .593  (+  0 .003 )4 ,  1 .607  (+
0 .001 )A ,  and  1 .627  (+  0 .015 )A  respec t i ve l y .

The larger  degree of  var iat ion of  the Si -O bond
lengths involv ing oxygen atoms of  the (C)- type can
be further rationalized on the basis of the length of
the Na-O bond;  when the Na-O bond is  longer,  the
Si-O bond is shorter and uice uersa. The shortest Si-
O bond ts i (3)-0(6) ,  l .590Al  involves the most
charge-def ic ient  oxygen atom [0(6) ,  e .s .v .  sum 1.77] ,
a phenomenon f i rs t  noted by Mer l ino (1969) in  tu-
hual i te .

The Si-O-Si  bond angles fa l l  in to two groups:
those involv ing oxygens ly ing on mir ror  p lanes aver-
age 155.7o (+ 4.2") ,  whereas the other  three wi th in
the s ingle s i l icate chain average 147.6"  (+ 0.6 ' ) .
These angles are all larger than the average Si-O-Si
angle (140' )  f ,ound by L iebau (1961) in  a large num-
ber of sil icates. The larger Si-O-Si angles are associ-
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ated with shorter Si-O bonds, in agreement with the
molecular  orb i ta l  ca lculat ions on s i l icate chain f ras-
ments (Tossel l  and Gibbs,  1977).

Planarity of the corrugated single-silicqte chain

The corrugated single-sil icate chain has the
sequence  o (  I  ) -S i (  1 ) -0 (3 ) -S i (2 ) -O(5 ) -S i (3 ) -O(  l ' ) -
S i ( l ' ) -O(3 ' ) -Si (2 ' ) -O(5 ' ) -Si (3 ' ) - ,  the oxygen atoms
being the br idging ones wi th in the s ingle-s i l icate
chain (F ig.  lc) .  I t  is  approximately  p lanar ,  the p lane
being near ly  para l le l  to  the (100)  p lane.  The min i -
mum and maximum deviat ions of  the br idging oxy-
gen atoms from the least-squares plane defined by the
si l icon atoms only are 0.284 and 0.454 respect ive ly .
The degree of  the corrugat ion of  the chain is  in-
d icated by the rat io  of  the uni t  length of  the corru-
gated chain us. the chain length when fully stretched
ou t ,  wh i ch  i s  l 0 . l 64116 .804  :  0 .60 .

The planarity of the three crystallographically-distinct

four-membered silicate rings

With in the double-s i l icate chains,  three d i f ferent
r ings can be d iscerned,  which are:

( r ) si( l )-o(7)-si( 1' )-o(3)-si(2)-o(8)-si(2, )-o(3, )
(2) Si(2)-O(8 )-si(2' )-O(s )-Si(3 )-o(e)-si(3' )-o(5, )
(3) Si( r )-o(7)-si(t ')-o(1 )-si(3)-o(e)-si(3')-o( t,)

The average deviations of the bridging oxygen
atoms from the least-squares planes passed through
the s i l icon atoms only for  r ings ( l ) ,  (2) ,  and (3)  are
0.11 ,  0 .23,  and 0.294 respect ive ly .  The acute angles
between the r ings (1 )  and (2) ,  (2)  and (3) ,  and (3)  and
( I ) are 59.6" , 52.8" , and 6'7 .7" respectively.
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