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Hyalotekite, a complex lead borosilicate: its crystal
structure and the lone-pair effect of Pb(II)
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Abstract

Hyalotekite, ca.Pb2Ba2Ca2[B2(Sir 172Be172)Si6O2a]F,Z: 2, a = l l.310(2), b : 10.955(2),
c = 10.317(3) 4,, :90.43(2)", B:90.02(2)', y = 90.16(2)o, space group 1I from L6ngban,
Sweden was determined by Patterson and Fourier techniques, and refined to R = 0.060 for
3713 independent reflections. The calculated density of3.829 g cm-3 based on the detailed
chemical analysis by Lindstrcim, is in good agreement with the observed specific gravity of
3.82.

Twenty-six independent atoms occur in the asymmetric unit. Two sets: Pb(l), Ba(l); and
Pb(2), Ba(2) are associated spatially in pairs. Pb2* and Ba2* are separated by ca. 0.5A, a
possible segregation from the parent l2lm structure due to the 6s2 lone-pair effect on Pb2*.
The structure has three principal linked components: g[Si4ot2] four-membered rings,
9[Bz(SirnBern)0lz] four-membered rings and [CazPbaOzoF] clusters. The tetrahedra link to
form an incomplete framework of composition 1[ToOrl] @T6 : BeBaSile in the unit cell)
which remotely resembles that of the feldspars.

Mean polyhedral distances are tslPb(l)-o = 2.80a, Ieleu(t)-o : 2.929, t8lpu(z)-o :

2.804,tetBai2)-o : 2.g37, t8lca-o -- 2.437, t4lsi(t) (: Si:raBer^)-o : 1.597, t'lsl(z)-o :

l .6 l t , l41s(3)-o 1.613,  to ls i (+Fo = l .6 l0, lo ls(s)-o = 1.613 andta lB-o = l .a96A.The F-
anion at the origin bonds to four (Pb,Ba)2+ and two Ca2*.

The hyalotekite structure has a remote structural kinship with that of gillespite,
BaFeSiaOl6.

Introduction
Hyalotekite is a rare mineral species, first named

by Nordenskiold (1877). It was subsequently stud-
ied in more chemical detail by Lindstrrim (1887),
but since then neither structure type, space group
nor cell parameters have been repofted. Nordens-
kiold named it from the Greek hyalos and tektos
owing to its property of forming a clear, colorless
glass upon heating.

We expressed a special interest in hyalotekite for
several reasons. First, the relatively large blocky
masses from the only reported locality, Lflngban-
shyttan, Sweden, much resemble feldspars. Sec-
ond, an analysis which expressed the presence of
major pbz*,  B*+ ,caz+ ,  Kl+, Be2+, B3*, s i4*,  02-

and F- suggested an unusual crystal-chemical
problem. The senior author was attracted to the
species because of its relatively high content of
Pb2*, and the lone-pair effect expected for this
cation in an oxide environment. In addition, its
curious property of easily melting to a glass attract-
ed our attention.

The refined crystal structure demonstrated that
no simple end-member formula could be written for
the compound and what we suggest for such a
formula is a mere approximation. Furthermore,
Lindstrdm's analysis is demonstrated to be a rather
good chemical description of the species, and it
appears that all subsequent chemical approxima-
tions in the literature were erroneous in some ways.
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Table l. Hyalotekite: chemical analysis

l0 l3

2{Pb yBa2Ca2[B2(Si I I 72Be 1 72)Si6O4]F]. However, if
we calculate density on the basis of Lindstrrim's
total analysis, the value is 3.829 g cffi 3, in remark-
ably good accord with the chemical results. Com-
puting the formula unit on the basis of this analysis,
and grouping cations according to decreasing ionic
radius, we get

(Ke.26sBa1 ea2Pb1 66eCaz oosNao.oatr,:6 041

(Mnzo+oerMgo.o::CuStroFeStrrAlo.o'
Sie. 1e1 B1.5e6)! :  1.e63

(Si1 555Bee.a+s)>:z.oooSisOza.ooo(Fo zzsClo.ozs)> :o.sog

The minor amounts of Mn2+, Cu2* and Fe3* possi-
bly represent impurities since these cations are too
large for the sites into which they were apportioned.
Clearly, our aforementioned "ideal formula" is
only an approximate interpretation of the complex
chemical nature of this species. Lindstrom's (1887)
analysis, a calculated oxide weight percentage for
the "ideal formula" and atoms in the formula unit
appear in Table 1.

A single crystal fragment was ground into a
sphere of diameter 0.12 mm, which was used for the
X-ray intensity data collection on the computer-
assisted Syntex P1 diffractometer. The unit cell
dimensions and the orientation matrix were deter-
mined from 15 reflections with 20 between 20" and
35'. The intensities were measured by the &-20
method utilizing graphite-monochromatized MoKa
radiation and a scintillation counter. Variable scans
were used, the minimum scan rate being 2'min-r at
50 kV and 20 mA. All reflections within a2?limit of
60o were measured within a hemisphere assuming
the space group to be Pl . Intensity distributions on
the diffractometer and on several precession photo-
graphs suggest a triclinic (pseudomonoclinic) cell.
The measured intensities were corrected for Lo-
rentz, polarization and absorption factors. The in-
tensities of reflections (ft + k + I) t' 2n were all
found to be within 3o(1), where o(1) is the standard
deviation of the measured intensity as determined
by counting statistics. Hence, these reflections
were eliminated from the data set and the space
group was assumed to be 11 , which was subse-
quently confirmed by the structure determination.
The refined cell parameters are a : ll.3l}(DA, a :
90.43(2)" b : 10.955(2)4, B : 90.02(2)o, c :
10.317(3)4, y : 90.16(2)o, space group 1T, Z : 2.

Although classical Patterson methods gave the
broad structural features and the gross structural
architecture was deciphered, the large, heavy cat-
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2Cowrputed for PbzBazCaz Ig z (s i  rr .ge!.) Si e0z e ] F.
The computed dens i ty  fo r  th is 'comipos i t ion
i s  3 . 9 9  q  c m - 3 .

3Atoms based on  x0  =  28  and ana lvs is  o f
co lumn l .  The computed dens i ty fo r  th is
t o t a l  i s  3 , 8 2 9  q  c m - 3 .

Hyalotekite is a new structure type, a borosilicate-
fluoride of lead, barium and calcium, remotely
related to the feldspar group of minerals, and to the
barium iron silicate, gillespite.

Experimental

Several specimens labelled hyalotekite were ex-
amined and one sample from the Smithsonian Insti-
tution (NMNH No. 114716) was selected for the
detailed structure study. We thank Mr. Paul E.
Desautels for a portion of this sample. Mr. Pete
Dunn, also from the U.S. National Museum, has
analyzed a portion of the same hyalotekite using an
electron microprobe. He has informed us that hya-
lotekite fluoresces a light brownish-orange in short
wave ultraviolet radiation and the average value for
the specific gravity is 3.82 determined on four
grains. Since Dunn's observations are in good
agreement with the more complete analysis of Lind-
strom (1887), we do not list his partial results. The
calculated density for the "ideal formula" and cell
volume of our crystal is 3.99 g cm-3 based on
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Table 2. Hyalotekite: atomic coordinate parameterst

M x y

Pb( r )  0 .2e0 (7 ' )  0 .1543 (2 )  0 . r726 (2 )
B a ( l )  0 . 7 1 0  0 . 1 8 7 8 ( 4 )  0 . 1 e 2 4 ( 3 )

pb (2 )  0 .2e1 (7 )  0 .8460 (3 )  0 .  t 7 te (2 )
Ba (2 )  0 .70e  0 .8097 (3 )  0 .1e27  (2 )

Ca  1 .000  0 .9996 (  l )  0 .0031  ( l  )

s i ( l )  0 . 8 r ( r )  0 . 3 1 7 2 ( 2 )  0 . 4 e e 5 ( 2 )
Be  0 .  19

Fina l  IT  coord ina tes  (R =  0 .060) I2 lm re f inement  (R =  0 .23)

x  y  z  a t o m ; e q u i o o i n t

0 .  I  7 3  0 . 1 8 3  0 . 0 0 8  P b

0 . 8 2 7  0 . l B 3  0 . 0 0 8  P b ;  i ,  y ,  z

0  0 . 0 0 2  0 . 2 2 9  C a

0 . 3 1 7  \ o  s i ( r )

0 . I94  0 .527  0 .248
0.806 0.527 0.248

0 0.324 0.263
0  0 .724  0 .283

L  0 .337  0 .03  1

0 .884  0 .640  0 .308
0.882 0.400 0.228
0.  I  f8  0.400 0,228
0 .  I  t 6  0 .640  0 .308
0 .?32  0 .568  0 .102
0 .768  0 .568  0 .102
0 .609  0 .403  0 .079
0 .39 t  0 .403  0 .079

\  0 .216  0 .084
t  0 . 6 6 4  0 . 1 1 0
0  0 . 7 8 1  0 . 1 4 3
0  0 . 2 1 0  0 . 1 6 7

0 .301  0 .509  0 .342
0 .699  0 .509  0 .342

z

o .oo43 (2 )
0 . 0 1 0 e ( 2 )

o .0046 (2 )
o . o r 0 5 ( 2 )

0 .228e (1 )

o .ooo r (2 )

s i ( 2 )
5 r ( z r ;  x ,  y ,  z
s i  ( 4 )
5 r  ( 5 '

0.  fe36(2)  0.5267(2)
0.806r (2)  0.5274(2)
0 .ese4 (2 )  0 .3?22 (2 )
0 .0002 (2 )  0 .7224 (1 )

s i  ( 2 )
s i  (3 )
s i  (4 )
s i ( 5 )

1 .00'| .00
1 . 0 0'I .00

I  . 00

1  .00
r . 0 0'| .00'I .00
1 . 0 0'| 
.00

I  . 00
I  .00
1 . 0 0
1 . 0 0
I  .00
r  .00
I  .00'| 
.00

I  ,00

0.2482(2
o.24Bo(2
0.2626(2
0.2825(2

0 .4eee (7 )  0 .3367 (6 )  0 .0305 (7 )

0 ( l  )
0(2 )
0 (  3 )
0 (4 )
0 ( 5 )
0 ( 6 )
0 (7 )
0 (8 )
o(e)
o(  ro )
o(i l  )
0 ( r 2 )
o ( r 3 )
o ( r 4 )

r

0 (  t )
0 (2 )
o ( 2 ) ;  i ,  y ,  z
0 ( l ) ;  i ,  y ,  z
0 (  5 )
o ( 5 ) ;  i ,  v ,  z
0 (  7 )
o ( 7 ) ;  i ,  y ,  z
0 ( e  )
0 ( 1 0 )
o( i l  )
o (  1 2 )
o( r3 )
0 ( 1 3 ) ;  i ,  y ,  z

o.3068(4)
0 .23  r  4 (  5 )
o .232s( s )
0 .3062(  4 )
o .  ro35(4)
0 .  r03r  (4 )
0 .079r  (4 )
o .o7e6(4)
0.0868(  5 )
o.  r ' r33(4)
0 . i 428 (4 )
0 . r 6 5 7 ( 4 )
o.  3424( 4)
0.3422(4)

0.884s(4 )
0.8833(5)
0 .1  r  5e (  5 )
0.r ' rs8(4)
0.2328(4)
0 .7666 (4 )
o.6078(4)
0 .3e3s (4 )
o.  5020( s  )
0 .4ee4 (4 )
0 .ooo7 (4 )
0 . ee88( 4)
0 .3020 (4 )
0 .6s73 (4 )

0.0000

0.6385 (  4)
0.4043 (4)
0 . 4 0 3 r ( 5 )
0 .6365 (4 )
0 .5685 (4
0 .5700 (4
0.4054(4
0 .4044 (4
0.2126(4
0 .6660 (4
0 .7836 (  4
0.2082(4
0.  5075 (  4
0 .5083 (4

0 .0000 0.0000
'Es t imated  s tandard  er ro rs  re fe r  to  the  tas t  d ig i t .  M is  fo r  the  popu ia t ion  parameters .

ions such as Pb2+ and Ba2+ presented problems.
Fourier syntheses indicated a broad football-shaped
maximum at what was initially believed to be a
single site. In the early stages, it was assumed that
Pb2* and Ba2* formed a solid solution. Difference
Fourier syntheses eventually resolved this problem,
revealing that the site was split into two partly
occupied sites coupled to each other in a reciprocal
fashion and separated from each other by -0.5A.

At this stage, the structural features were clear and
the framework appeared to be monoclinic with
space group lLlm. Refinement in this space group
converged to R : 0.23 for 2025 reflections. Admit-
tedly, significant differences existed for many
"equivalent" reflections in l2lm, but these were
nevertheless averaged to obtain the data set for the
monoclinic refinement.

The structure was then refined in space group 11,

doubling the list of non-equivalent reflections. With
split heavy atom positions, R : 0.062 for the
converged refinement. During that refinement, it
was clear that one silicon position was partly occu-
pied by a lighter element, probably Be2*, and the
83+ position also appeared on another position on a
Fourier map. At this stage, it was noted that all
atom positions could be arranged in pairs, and that
each pair was related by the inversion center. Due
to such parameter correlations, it is surprising that
the structure refined at all in 11. Refining the aver-
aged positions, now in space group 11, led to R :

0.060 for 3713 independent reflections, where

R -
>i lF"t  -  lFcl l

>tFol

Refinement minimized w(Fo - F")2. The variables
refined included the scale factor, the isotropic sec-
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Table 3. Hyalotekite: anisotropic thermal vibration parameterst

267(3sl  265(31 )  152(27) 26(25) 22(24\
t ce f f i c ien ts  in_ the  express ion  exp- [u r rh2  +  uzzk2 +  u . r t r i i i l l
2Utzh t  +  29r r7 .91 .  Es t imated s tandard  er ro rs  re fe r  to  ihe  las t  d ig . i t .
The coef f i c ien ts  a re  each x l0 r .

ondary extinction factor (1.5(2) x l0-7), 75 atomic
coordinate parameters, 3 site occupancy parame-
ters and 216 anisotropic thermal vibration parame-
ters, giving a total of 296 parameters, or an indepen-
dent data to variable parameter ratio of 12.5:1.
Scattering curves for pb2*, Ba2+ , Ca2+ , Be2*, Si4*
and O-r were obtained from International Tables
(1974) and anomalous dispersion corrections for all
heavier metals from Cromer and Liberman fi970).

Table 2lists the refined atomic coordinate param-
eters, Table 3 the anisotropic thermal vibration
parameters, Table 4 the ellipsoids of vibration and
their equivalent isotropic temperature factors (note
the non-positive definite value for Pb(l)), Table 5
the bond distances and angles and Table 6 the
observed and calculated structure factors.r

Description of the structure

The atomic arrangement of hyalotekite is rather
complex. The structural description is divided into
three parts: (1) the network topology, (2) the order-
ing ofcations over the tetrahedral positions and (3)
the structural distortion due to the lone-pair effect
of Pbz*, which has 6s2 in its valence eleciron shell.
The chemical analysis of hyalotekite by Lindstrrim
(1887) is in very good agreement with the refined

'To obtain a copy of Table 6, order Document AM-82-20g from
the Business Office, Mineralogical Society of America, 2000
Florida, N.W., Washington, D.C. 20009. please remit $1.00 in
advance for the microfiche.

structure, which will be subsequently discussed in
more detail.

(l) The network topology. The parent structure of
hyalotekite belongs to space group lllm and pos-
sesses 17 atoms in the asymmetric unit. As dis-
cussed before, the real space group for our crystal is
11, a derivative of the parent structure. For pur-
poses of comparison, the previously refined coordi-
nates of the monoclinic holosymmetric group are
included in Table 2.The /T structure has 26 atoms
in its asymmetric unit. Proceeding from l2lm to IT,
the two (Pb,Ba) split into 4 non-equivalent atoms
and Si(2), O(1), O(2), O(5), O(7) and O(13) each split
into 2 non-equivalent atoms, yielding 9 additional
independent positions. The Pb and Ba appear to be
segregated in a coupl_ed relationship, this separation
being only about 0.5A. This is believed to be a lone-
pair effect, which is discussed later. Deviations
from l2lm symmetry are small, as can be seen in
Table 2.

The structure of hyalotekite is based on an in-
complete framework of corner-linked oxygen tetra-
hedra. Here, we symbolized the tetrahedral cation
by T. The underlying structural principle is shown
as a polyhedral diagram down [001] in Figure l. A
dominant feature is the occurrence of g[Si4or2]
four-membered rings, which are nearly in the {001}
plane, approximately positioned at z - /+,3/+. Such
a ring involves the Si(2)-, Si(3)-, Si(4)- and Si(5)-
oxygen tetrahedra. The structure is somewhat remi-
niscent of the feldspars with a connection of four-
and eight-membered rings. However, there are
some major differences. In hyalotekite, the eight-
membered ring is not planar but puckered, which
can be written as -Si(5)-O(4)-Si(2FO(5)-Si(t)-
o (7) -B-O(  1  0 ) -S i (5 ) -O(4) -S  i (2 ) -O(5)_S i (  I  )_
O(7)-B-O(10F. The network topology for a feld-
spar type four-membered ring is uudd, where z and
d symbolize the disposition of the out-of-plane
vertices, being either up (: a) or down (: d). The
scapolite structure, which also contains 4- and 8-
membered rings, is based on uuuu (dddd) and udud
rings. Hyalotekite differs in two respects with re-
gard to these structures. First, the topology is uddd
fuuuA. Second, the in-plane vertices which bridge
to adjacent rings in feldspar and scapolite, are not
linked to other tetrahedral units. Thus, O(ll),
O(12), O(13) and O(14) are not bridging oxygens and
these define the incompleted nature of the tetrahe-
dral framework.

Another four-membered tetrahedral ring occurs

3(23\
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Table 4. Hyalotekite: parameters for the ellipsoids of vibrationt

Atom i V oiq eib oic

P b ( l )  . . . . . . . . . . n o n - p o s i t i v e  d e f i n i t e

Beq  (4 ' ? )

0 . 6 7  ( 3  )

2 . 2 2 ( 4 )

0 . 8 8 ( 3 )

2 . 0 1 ( 3 )

0 . 6 8 (  2 )

o .  e 3 ( 6 )

0 .  B e (  3 )

o . 8 e ( 3 )

o . 8 e (  3 )

0 . 8 r ( 3 )

r  .  r o ( r ' l )

' r . 74 (9 )

2 . 3 6 ( 1 0 )

Atom

0 ( 3 )

0 ( 4 )

0 ( 5 )

0 ( 6 )

o ( 7 )

"1, O

34(  6 )
1  1 0 ( 8 )' r  r6 (5)

3e(  5 )
92( ' , r ' r )

t 2 e ( 5 )

r 4 3 ( 1 2 )
102(21].
5 5 ( r 1 )

46(24)
60(27 )
5 e ( r 2 )

8 r  (  r e )' r3 (28)
r o o ( 3 7 )

84( ' , I0 )
37  (?9)

126(28)

e7 (52l,
172(5e l
8 6 ( 4 )

8 ( e )
8 7 ( r 7 )
e8( r o)

\10(22ll' 1 5 9  ( 2 4 )
8 3 ( r 7 )

6r  (6s)
J 5 ( 5 b , |

1 0 8 ( r 7 )

77 (e ' )
75(25)
20(23)

r t7 (12)
r 0 2 ( 1 e )
3  1  ( 20 )

8e (  r  2 )
42(34)
4 r ( 3 5 )

Beq (A'z)

2 .  34(  r  o )

' r  .63(9)

'r  .30(8)

' l  .44(8)

]  ? 6 I A \

' r  .28(8)

2 . 2 5 (  r 0 )

1 .12(7 \

I  ? 9 f A \

' l  
. 05 (7 )

' r . 24 (8 )

1  i F l a \

r  .80(  r  o )

vi

0 . r ' r 7 ( ' 1 0 )
0 . r 7 4 ( e )
0 . 2 r 3 ( 8 )

0 .oee(  r ' r  )
0 .  I  37(  e )
0 . 1 8 2 ( 8 )

0 .  r 0 7 (  r 0 )
0 . r 2 7 ( 9 )
0 . r 4 8 ( 8 )

0 . r 1 7 ( 1 0 )
0 .  r  30(  e )
0 .  r 5 6 ( 8 )

0 . r 1 2 (  r 0 )
0 .  r 3 4 ( 9 )
0 .  r  45(  9 )

0 . 0 9 5 ( H )
0 . r 3 4 ( e )
0 .  r  4 8 ( e )

0 . 1 1 9 ( ' 1 0 )
0 . 1 2 8 ( 1 0 )
0 .234 (  8  )

0 .083(  r  2 )
0 .  r  3 2 ( 9 )
0 .  r  3 6 (  e )

0 . r ' r 2 ( r 0 )
0 . r 3 0 ( e )
o .  r  5 2 ( 9 )

0 . 1 0 3 (  r 0 )
0 . r 0 e ( r 0 )
o .  r  3 2 ( 9 )

0 . 0 9 4 (  t 2 )
0 . r 3 r ( 8 )
0 .  r  46(  8 )

0 .  r  r 0 (  l 0 )
0 . r 2 7 ( s )
0 . 1 5 r ( 8 )

0 . r 2 2 ( r ' l )
0 . r s 7 (  l o )
0 .  r  7 0 (  r 0 )

" L e

8e(6)' r40( ' r0 )
5 0 ( 1 0 )

84(  r  2 )
r  66(e)
78 (8 )

64 (20 )
14e(21)
7 4 (  r e )

7?(28)' l5o (  23 )
67 (  r 5 )

I l ( ' 1 7 )
e8( 20 )
83( ' , r4)

6 ( r 2 )
96 (12 )
88( 8)

7  ( 48 )
97 ( q2\

8 8 (  3 )

8 3 ( e )'r 32 ( 90)
43(  eo)

2 l ( r e )
108(22)
78(12)

2e(68)
r  r s ( 7 0 )

6 C (  r C , l

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

7 \ (  2 q \

62(25)
152(?6)
8e (  r  5 )
' | r  ( r2)
e8 (  14 )
8 3 ( i l )

5 7 ( 8 )
57 (  e )
5 l ( 7 )

I  2 q f 5 )' l  
03 (r  o)

r 3 8 ( 6 )

64 (  r  4 )
62(20)
40( '18)

5 r ( ' 1 2 )
97  (2? )' r 40 ( i l )

84 (  r  3 )' r 02 (37 )

167 (37)

e2( ro )
1 2 1  (  2 q l

r  4 3 ( 3 r  )

Be (4 )
e3 (4 )

177  (3 )

e 4 ( e )' r  
38(eo )' r  
32 (90)

8 r ( i l )
9 9 (  l 8 )

1 6 7 ( r 4 )

95(27)
t 0 9 ( 1 9 )
r 6 0 ( 2 0 )

r 6 8 (  r e )
88 (  r  3 )
78 (8 )

r  3e (  r 8 )
114(22)' 1 2 r ( r r )

' r 0 r ( r2 )
r32 (34 )
4 4 ( 3 3 )

B a ( l  )  l
2
3

P b ( 2 )  r
2
3

ea (2 )  ' l

2
3

C a l
?
3

s i ( l )  I
2

0 ( 8 )

0 ( e )

e 4 ( 4 )  8 ( r )
2s (46 )  e0 (4 )
6 r ( r )  8 2 ( r )

44 (2 \  80 (3 )
85 (3 )  r 6e (3 )' r 34 (2 )  

86 (2 )

86 (21  r5 (2 )
2 7 ( 1 )  r o o ( 2 )
6 3 ( r )  7 e ( r )

r  58 (  7 )  77  (8 \
t u o t z f ,  r c c ( Y U . /
102(35)  6e(eo)

84(  r0 )  3e(25)'r08(8) 12s(?7\
16r (7)  74(6 ' )

r08(  14)  eo(6)' r60( r4 )  e8(  ro )
e 8 (  r 0 )  8 (  r 0 )

42(121 86(6)' r3 r (  r3 )  98( ' , r3 )
e e ( r o )  e ( r 2 )
' r 0 ( r 3 )  8 r ( r 0 )
82(12)  r38( r7 )
e5(7)  4e(17 \
' r 4 ( e )  8 0 ( 1 4 )
83(' ,rs ) 

' r  60('r6 )
1 0 2 ( 8 )  7 3 (  1 6 )
' i l  r  (eo) 20(87)
r56(82)  roe(e0)
79(17) 84(' ,rs)

43(7) 64(12,
7 4 ( i l )  r 5 3 ( r 2 )

1 2 8 ( 7 )  8 3 ( e )

38(6)  74(6)
r 0 7 ( r o )  r 2 8 ( i l  )
122(6) 42( il )

o . r 0 7 ( 2 )
0 .  r 2 4 ( 2 )
0 . 2 3 e ( 3 )

0 .028 (  r  5 )
0 .  r 0 r  ( 2 )
0 .  r 5 0 ( 2 )

0 . r 0 6 ( 2 )
0 .132 (2 )
0 . 2 1  9 (  3  )

o.  o8o( 4 )
0 . 0 9 8 ( 3 )
0 . 0 9 9 ( 3 )

0 . 0 e 4 ( 6 )
o .  1 0 2  ( 6  )
0 .127  (4 )

0 . 0 e 1  ( s )
0 . 1 0 4 ( 4 )
0 . r 2 r ( 3 )

o .oe r  (4 )
o .  l 0 7 ( 4 )
o .  r ' r e (3 )

0 .0e2 (  4 )
o .  l 0 7 ( 4 )
o .  r  7 ( 4 )

o .o8e(4)
0 . r 0 r ( 4 )
0 .  r  2 ( 4 )

0 . 0 9 9 ( r 5 )
0 . r 0 6 ( r 6 )
0 . r 4 4 ( r 4 )

0 . r 0 8 ( 1 r )
0 . 1 4 4 ( e )
0 . 1 8 3 ( 8 )

0 . 1 2 4 ( ' 1 0 )
0 .  r  7 5 ( e )
0 . 2 0 8 ( 8 )

s 2 ( 2 )
r 2 0 ( r 4 )
3 r  ( r  )

1 3 3 ( 2 )
100(2)
r  3s(2)

7 6 ( r )
66(' ,r  )

r 5 r ( r )
7 2 ( 8 )' r  
06 (90)

t J f , t  / J . /

52(28)
40 (27  )

100 (  7  )

r 7 ( e o )
r07 (  1  4 )
e 3 ( 6 )

r 3 3 ( r 2 )
137 (12)
e 3 ( i l )

8 e ( r o )
1 3 r ( r 7 )' r 3 e ( r 7 )

' r00(e)
' roe(16)
r 5 8 ( r 5 )

e2(26)
77 ( r7 )
I  3 (  20)

5 e ( 7 )
6 s ( r o )
3 8 ( 7 )

r 2 4 ( 8 )
r 3 7 ( 1 0 )
| r3 (  r0 )

s i  ( 2 )

s i  ( 3 )

s i  ( 4 )

) r t ) ,

0 (  t 0 )

0 ( r  )

0 ( r 2 )

0 ( r 3 )

0 ( r 4 )0 ( 1 )

0 ( 2 )

t i  =  ; - t h  p r i n c i p a l  a x i s ,  p , .  =  r m s  a m p i i t u d e ,  o i a ,  a i b , 0 7 "  =  a n g l e s  ( d e - o . )  b e t w e e n  t h e  i t h  p r i n c i p a l  a x i s  a n d  t h e  c e l l  a x e s  4 ,  b  a n d
c .  The equ iva jen t  i so t rbb ic  thermal  v ib ra t ion*par i f re te i - ,  Beq, - i s  a lso  l i s ted .  Es t i .mated  s tandard  er ro rs  in  Parentheses  re fe r  to

t h e  l a s t  d i g i t .

in the structure, approximately situated at z - 0, Vz.
This ring, however, does not share the u,d-type
configuration since two opposing tetrahedra in the
ring are oriented with the z-axis nearly coinciding
with a pseudo-{4} axis through a pair of tetra-
hedral edges. This tetrahedron is approximately
[Siy+Bey+]Oa in composition. The remaining non-
equivalent tetrahedron is a [BOal tetrahedron. For
this ring, all oxygen vertices are linked to other
tetrahedra in the structure. The formal composition
of this ring would be g[B2(Si3/4Berz)Orz]. The entire
tetrahedral incomplete framework would have the
composition 1[ToOro], where 4T6 : BeB+Sirq,
which is the tetrahedral cation content of the unit

cell. The two non-equivalent tetrahedral four-mem-
bered rings link through O(5), 0(6), O(9), and O(10).

Perhaps the most striking feature of hyalotekite is
its structural relationship with gillespite, BaFe

[Si4org]. The gillespite structure consists of sheets
comprised of 4- and 8-membered rings; the four-
membered rings enclose Fe2+ and the 8-membered
rings house Ba2*, which is in distorted cubic coor-
dination and thus belongs to a coordination polyhe-
dron of order eight (Pabst, 1943). No cations occur
within the hyalotekite 4-membered rings. In addi-
tion, the 9[SioOtr] ring is uuud, while in gillespite it
is uuuu. The corrugated sheets parallel to the {001}
plane are metrically similar. In hyalotekite a - b -
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Table 5. Hyalotekite: cation-anion bond distancest
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11.134, while in gillespite, itis a\D, - 10.60A. It is
tempting to speculate that a gillespite-related phase,
such as PbFeSiaOls or gillespite itself, may exist at
Lingban, coexisting with hyalotekite.

The remaining atoms are (Pb,Ba), Ca and F. The
Ca atoms are situated along the 002 line above and
below F at the inversion center which joins to 2Ca,
and 4(Pb,Ba) atoms. The (Pb,Ba) atoms are located
within the large distorted eight-membered rings
much like the alkaline earth atoms in feldspar.

(2) The ordering of cations over tetrahedral posi-
tions. The four-ring involving S(2)-S(5) at z - V4

appears to possess a fully ordered occupancy of
[SiO4] tetrahedra by Sia+ exclusively. The large
differences in radii and/or atomic numbers among
t41Be2*(0.27A) and t4tB3*(0.tzA); and t+J5ir+
(0.264) make refinement of site populations for
these atoms possible. Throughout this study, we
used the values of Shannon and Prewitt (1969) for
effective ionic radii. For an effective radius e1tz19z-
: 1.35A, the interatomic distance averages would
betarBe-O : 1.624, t+19-6 : l.47Aand t4lsi-O --
1.61A. Interatomic distances listed in Table 5 are in
good accord with these values. The averages
t4tsi(zFo : 1.61, t4ts(3Fo : 1.61, ta15i14pg =
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Fig. 1. Polyhedral representation of hyalotekite down [001]. The section O 4 z4 t/z is shown. The [SiaOru] ring is not shaded; the

T(l) (: Siy+Be17a)Oa tetrahedra are ruled and the BOa tetrahedra are stippled. Heights are given as fractional coordinates in l. The

asymmetric unit in Table 2 is labelled. Terminal oxygens are underlined.

1.61 and t4tSi(S)-O : 1.614 are in excellent agree-
ment with the anticipated average. The value t4lB-O
= 1.50,{ is only slightly larger than the expected
value. The value t4tsi(t)-O : 1.60A, where Si(l) -

Si37a Be17a is only slightly smaller than the expected
average for these two cations. This raises the ques-
tion of whether or not 83* instead of Be2+ substi-
tutes at this site, since these cations are practically
impossible to distinguish by their X-ray scattering
powers alone. However, a contradiction arises in

formal charge assignment for the formula unit and,
in the absence offurther evidence for deciding the
site population of Si(l), we prefer to write it as
Si37aBe17a. It should be further noted that Lind-
strom's (1887) analysis also shows the presence of
this amount of BeO in the compound. The formula
for the tetrahedral fraction can therefore be written
[Sir(SirnBer D)BzOzs] with two such units in the unit
cell.

The ellipsoids of vibration listed in Table 4 sug-

0 i l 2 ) . 17

b

r  pt( t)oo 0(
r Bo ( l) .0t

0(r3).34

0(r0).r l

0 ( 14).34

r  8o (2 ) .01

pirzr.oo o(2)
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gest that the assignments of scattering curves and
the site population refinements in Table 2 are a
fairly good approximation to the atoms present. If
A13* or Sia* were substituted for B3*, we would
expect a substantial decrease in the equivalent
isotropic^thermal parameter. On the other hand, B"o
: 1.10A2 for B suggests that this site corresponds to
boron, or possibly even some minor site vacancies.
It is possible, however, that substitution of minor
Si4* for 83* would induce local disorder causing a
subsequent increase in B"o.

(3) The structural distortion due to Pbz+ . Hyalote-
kite is an example where Pb2* with its 6s2lone pair
evinces a particularly noticeable effect on the entire
structure. Hyalotekite's aristotype belongs to a
space group with considerably higher symmetry
than found in the actual structure: that is l2lm + IT .
Order-disorder in the tetrahedral framework does
not appear to be a cause for this, since Si(l) and B
have site symmetries C2 and C", respectively, and
do not split into non-equivalent Si (or B) positions
in the triclinic subgroup, unlike feldspar in which
Al-Si ordering destroys such symmetry elements.
In hyalotekite, these special positions merely be-
come general positions, and the general positions in
the aristotype split into two sets of general posi-
tions. In these general positions, there does not
appear to be any evidence of ordering.

lf we extract the large cations and their coordi-
nating anions, the picture changes drastically. Fig-
ure 2 shows the Pb(1)zPb(2)zO2oF cluster, which is
composed of four fused PbOTF polyhedra (polyhe-
dron No. 197, of Britton and Dunitz, 1973). They
are roughly equivalent, and would be identical in 12l
m. Each polyhedron shares two faces with two
other polyhedra and the common F vertex is also
corner-linked to the fourth polyhedron. Thus, F
links to four Pb2*(Ba2*) cations, and also to two
Ca2+ cations above and below. The CaOTF polyhe-
dron corresponds to polyhedron No. l2l of maxi-
mal symmetry C" in Britton and Dunitz and shares
triangular faces with the PbOzF polyhedra. polyhe-
dron No. 197 can be regarded as having a square
pyramidal cap with F at the vertex. In this struc-
ture, four triangular faces are shared, two with
adjacent Pb2+ cations and two with adjacent Ca2*
cations.

The remarkable feature about the PbOTF group is
that all bonds to the face-sharing vertices are the
shortest for their polyhedra (Fig. 2 and Table 5),
while the remaining three Pb-O bonds on the oppo-

Fig. 2. Spoke diagram of the PbaO26F cluster in hyalotekite.
The additional Ca above and below F at the origin are omitted
(the CarPboO26F cluster). Heights are shown as fractional
coordinates in z and bond distances are shown.

site side of the F atom are the longest for their
polyhedra. This is interpreted as the result of the
lone pair-bond effect with the 6s2 lone pair located
opposite the tightly bound F- anion. This model is
reminiscent of the arguments applied to sulfosalts in
general and galena in particular (Moore, manu-
script), where the lone pair-bond pair interactions
lead to bond length dilation. In fact, on the bond
pair side, the Pb-O distances range from 2.36 to
2.594. The shortest is not much larger than the
effective tolp6++-g : 2.184 separation.

Pb2* and Baz* are split in hyalotekite, separated
by about 0.4-0.54. From the site population refine-
ment (Table 2), atotal of 1.162 Pb2+ cations occurs
per 28 oxygens. However, Lindstrcim's analysis in
Table I indicates an aliquot of 1.669 Pb2+ atoms.
This difference is not easily explicable, since the
solid solution structural effect of a cation with a
lone pair (such as Pb2*) and a cation with inert gas
configuration (such as Ba2*) is not clear. It is also
possible that some analytical error may exist in the
quantitative separation of Pb and Ba. Due to the
lone pair effect, the t8lPb2*-O distances range from
2.36 to 3.474. The tElCa-O distances range from
2.34 to 2.564 and telBa-O from 2.66 to 3.36A.
Clearly, the most severe polyhedral distortion oc-
curs for Pb2+. Did Pb2+ and Ba2* occur in solid
solution at the clystallizing temperature of hyalote-
kite and then partition as the phase cooled? This is
an intriguing question, since an affirmative answer
would suggest that the high temperature space

356

0 (t t(2)-. tg
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group would be l2lm and that the lone pair effect
would be temperature-dependent, at least for Pb2*
oxysalts. A possibility that this effect may indeed
exist appears in Hurlbut (1955) where conclusive
evidence showed that some wulfenites, Pb2+MoOa,
are in fact polar, and that centrosymmetric wulfen-
ites may themselves be merohedrally twinned on
{001}. High temperature crystallographic studies of
polar wulfenites and hyalotekite would be instruc-
tive.

Pb2+ lone pair effects

Table 5 includes only the cation-anion distances
in absence of a good qualitative model for the lone
pair effect on nearest bond pairs. If any prediction
were to be made regarding the locus of the lone
pair, it would be toward O(1), O(3), 0(6) for Pb(l)
and O(2), O(4) and O(5) for Pb(2) by mere inspec-
tion of the Pb2+-O bond distances. These are those
vertices which oppose the coordinated F- anion, or
better yet, the capped square pyramid.
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