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T11e structurc of wenkite 1
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Auszug

Das Mineral vVenkit Ва4(Саu,9DО,l)6(АIО,4SiО,6)200З9(ОН)2(SО4)З' пН2О2
wurde von PAPAGEORGAKIS (1962) in den metamorphen Marmoren der Ivrea-
zone (Siid-Alpen) gefllnden. Die StrHktHrverfeinerllng ergab eine Symmetrie
Р31т, doch dнrch sHbmikroskopische Verzwilligllng nach (0001) oder dнrch
Lаgешшогdпuпg zeigen physikaliscl18 Eigenschaftcn Hnd Rbntgenbellgllngs-
effekte P62m-Symmetrie (а = 13,515 А, с = 7,465 А). Wenkit zeigt ein "Hnter-
brochenes" AljSi Geriist mit denselben hexagonalen Ballelementen wie Can-
crinit und Gmelinit. Diese BaHelemente sind dHrch zHsatzliche Geriisttetraeder
miteinander verbHnden. Zwischen den hexagonalen Einlleiten, die Ва(1) ent-
halten, entstehen groJ3e verzerrte НоЫганше mit Са Hnd Ba(2)S04. Eine Kette
von BaS04-Моlеkiilеп erstreckt sich рагаllеl ZHr z-Achse der НоЫганше, die
durch T04-Achterringe definiert sind. Das Goriist enthalt ансЬ ein System
von KanaIen рагаllеl ZHr x-Achse mit T04-Zehnerringon.

Abstract

ТЬе mineral wenkite Ва4(Сао.9Dо.l)6(Аlо.4,Siо.6)200З9(ОН)2(SО4)З' пН2О 2
was fOHnd Ьу PAPAGEORGAKIS (1962) in metamorphic marbles of the Ivrea
zone (Alps). ТЬе structнre determination indicatod that the basic sym-
metry is Р31т, howevor, Ьу perfect sHbmicroscopical twinning оп (0001) or
positional disorder, physical properties and diffraction effects show Р 62 m
symmetry (а = 13.515 А, с = 7.465 А) This sHggests that ,venkite might
possess а domain strHctHre. Wenkite has an interrHpted AljSi frame,vork with
the same hexagonal building Hnits which аге fOHnd in cancrinito and gmelinite.
ТЬеу аге linked throHgh an a<lditional tetrahe<lron which is only bonde<l with
three corners to the frame,vork. In between these hexagonal cavities, whioh
contain Ва(1), larger highly <listorted cavities аге formed which contain Са
апй Ba(2)S04. А chain of BaS04 molecHles extends рагаllеl to the z axis in the

*
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1 ТЬе name wenkito was given Ьу J. PAPAGEORGAKIS (1962) in honor of

Professor EDUARD WENK (Basel), to whom this рарег is dedicated оп the
occasion of his 65th birthday.

2 ТЬе symbol D stands [or vacancies.
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center of these cavities whicJ:1 are defined Ьу eight-membered ТО4 rings. The
framework contains systems of channels parallel to the z axis ,vith 6- and
S-membered rings and а system of kinkcd cllannels parallel to the х axis with
10-membercd rings.

Introduction

We11kite is а rock-formi11g barium alumosilicate mi11eral which
was fOU11da11d described Ьу PAPAGEORGAКIS (1959, 1961, 1962) i11the
highly metamorphic calcite marbles of the Ivrea ZOl1e. 80 far the
only 10C1tlity where this mi11eral has been found is the aba11doned Сауа

','

а) Ь)

l<'ig.l. Zcro-Iaycr precession photographs of ,vcnkitc (Мо radiation, Zr' filt,er)
indicating tlш 1'6/ттт LalIe symrnetry. а* is IrOI'izontal. а) hkO, Ь) l!kl

Mergozzoni, part of thc large чиапу system of Candoglia (Novara, .

Italy) which supplied the marble for the cathcdral of Mila11. We11kite
coexists with calcite, barite a11d hyalopha11e. Crystals are prismatic
ир to 3 ст lOl1g, with striatio11s. Тlш mineral is optically u11iaxial
negative n" = 1.589, nу = 1.595). The symmetry, determi11ed оп
Laue a11d prccession photographs is Р 6/ттт with 110 systematic
exti11ctio11S(Fig.1). Lattice consta11ts have been refined from Guinicr
photographs [\YENK (1966): а = 13.515(2) А с = 7.465(2) А,
V = 1180.7(3) Ар. When ехровеа to x-rays, wenkite changcs color
from colorless-yellowish to purple.

Tlle exact chemical compositio11 is rather uncertaiIl and по defiIlite
formula was available for the structure determiIlatioIl. 80те chel11ical
formulae are listed iIl ТаЫе 1. ]<~orthe structure determiIlation, it

3 Standard dcviations are given in parentheses.



ТаЫс 1. The cheтical coтposition о/ wenkite

Microprobe analyses аге normalized [ог 20 (AI,Si)

From structure

PAPAGEORGAКIS (1959)

GUBSER, Zurich (microprobe)*, 1964 ** Ваз.4 Са4.5 АIs.зSill.7

SOH\V ANDER, Вавеl (microprobe)*, 1964 ** Ва2.9 Са5.5 Ak5Si12.5

SOH\VANDER, Вавеl (microprobc), 1972** Ваз .96(Са4. s9N аО.6вКо.14 )Аls.64Sill.З6

* Both analyses аге done оп the вате crystal. The fairly роог determinations аге mainly due to the difficulty of finding
adequate standards [ог this mineral.

** Personal communication.

......
00 ......
* ~
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was assumed that the elements Si, О, Ба (possibly in solid solution
with Са and vacancies) and ап unknown amount of S аге present.
Quantitative values were only obtained during the refinement.

structure determination

Х-гау diffraction intensities were measнred with Мо radiation and
balanced-filter technique Ьу Dr. М. FEHLMANN оп а Hilger-Watts
diffractometer at Monsanto in Zurich in 1964 оп а prismatic crystal
(0.10 Х 0.12 Х 0.30 тт). The data were corrected for Lorentz and
polarization effects. 5,700 measнred reflections ,уеге avoraged to 568
independel1t refloctions in t110Laue group Р6/ттт. Since equivalcnt
reflections gave тоге ог less the same intensity, по absorption соггес-
tion was made (fl = 46 cm-1). Ппfогtuпаtеlу only the 568 averaged
structure amplitudes were available when the structure was deter-
mined in wintor, 1972. Thus anomalous absorption could not Ье used
to reveal the true noncentric space group and it was not possible to
determine meaningful standard deviations from counting statistics.
Nevertheless, the data were good enough to determine а11 the main
features of the structure. Оп account of the uncertainties in the
intensity data, and because of the sma11 питЬег of independent
reflections, the resolution of site occupancies and anisotropic tem-
perature factors was relativcly роог, even thougll refinement led to
ап R value of 4.60/0.

The structure was determined using а combination of Patterson,
Fourier (program FORDAP, ZALКIN, personal communication 1972)
and least-squares (program NUCLS6, БUSING, MARTIN and LEVY,
1962; modified Ьу IBERs and RAYMOND)techniques. Scattering-factor
tables of CROMER and MANN (1968) interpolated for 0.1 electron
formal charge were used for аН atoms. Anomalous scattering was
applied to Ба and Са (CROMER, 1965). In the three-dimensional
Patterson тар the main concentrations were in the plane w = О
(]'ig. 2) and w = 0.5, suggesting а concentration of atoms in the basal
planes. The peak at и = 0.2, v = -0.4, w = О was interpreted as
а Ба-Ба Harker peak of the position х = 0.4, У = О, z = Оin the space
group Р62т (Fig. 3). \Vith this position а structure-factor calculation
was made (R = 500/0) and а three-dimensional Fourier synthesis was
calculated in which seven atoms were weH resolved. А new Fourier
synthesis, phased with seven atoms, was calculated first with the
assumption that аН atoms were Ба and Si (R = 450/0), then refining
in опе least-squares cycle the occupancies and positions of the seven
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0.5/-0.5

-v

Fig.2. иv О section of the Patterson synthesis (Рбjттт). Tlle тар is nor-
шаlizеd sllch that the peak in thc origin is 999. СuпtОllГS аге at 50 units intervals

0.5/-0.5

-у

Fig.3. Atomic positions in the stГllсtше of ,yenkite (Р62т). Illustrated is
а projection оп to t.hc ху plane of the llnit О < х < 0.5 and О > У > - 0.5,
which has been chosen Ьесаl1ве the аsуrшпеtгiс unit сап Ье represented сот-
расЫу and is саву to visualize. The radii uf the atoms аге dra,vn proportionally

to the ionic radii

atoms (R = 35%)before calculating the Fourier summation. АНthese
Fourier syntheses indicated that there was another 11eavy atom in the
origin. Adding а second barium at х = О, У = О, z = О, brought the



I
1.2(1) А2Ва(l) е 2 0.48( 1) О

I

о 0.015(.1)
Ва(2) i 6 1/2 0.3927(1) О 0.0212(4) 1.05(4)
Са l 12 0.41(1) 0.2243(5) -0.2753(5) 0.488(3) 1.8(2)
Т(l) i 6 1 0.1378(4) -0.3006(4) О 0.67(8)
Т(2) h 4 1/2 1/3 -1/3 0.103(2) 0.4(2)
Т(3) l

I

12 1 0.1333(3) -0.1335(3) 0.2820(4) 0.75(5)
0(1) / 3 1 О -0.400(2) О 1.9(4)
0(2) i 6 1 0.207(1) -0.:И6(.1) о 1.4(3)
0(3) i 6 1 0.216(1) О 0.208(2) 1.4(2)
0(4) l 12 1 0.179(1) -0.215(1) 0.182(1) 1.8(2)
0(5) i 6 1 О -0.171(1) 0.219(2) 1.5(2)
ОН(6) h 4 1/2 1(3 -1/3 0.320( 4) 1.0(4)
0(7) k 6 1 0.150(1)

- 0.144(1) 1/2 1.3(2)
S g 3 1 0.4831(5) О 1/2 1.5(1)
0(8) i 6 1/2 0.430( 4) О 0.327(8) 6.9(1.3)
0(9) l 12 1/2 0.493(3) -0.406(3) 0.:З94(5) 5.8(7)
0(10) g :3

I

1/2 О - 0.408(3) 1/2 5.0(6)
Н2О? I Ь

I
1 0.24(6) О О 1/2 i -
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Table 2. Strиctиral parameter8 о/ wenkite re/ined with i80tropic temperatиre
/actor8 (R = 5.2%)

In parentheses rOHnded HP standard deviations of the last digit of thc refined
рагашеtегs. Space grOHp Г62т

Аtош
I

Wyckoff

I

Ш~lti-

I

оссн-

I

sушЬоl pllClty рапсу
х у z в

R value down to 230/0, indicating that the structнre was basicaHy
solved. The use of the least-squares technique with site-occupancy
refinement in the early stages of the structнre determination proved
to Ье а powerful method in assigning an atomic species to а given site.
Other space groups in the Laue group Р6/ттт have been tested,
but попе of them gave satisfactory results, which was an empirica!
confirmation that Р62т was the right choice.

At an R value of 150/0, the framework was determined. The posi-
tion of Si(2) was anomalous, with only half the occupancy for the
site and very close to the хуО mirror plane in the space group Р62т.
The distinction between Са and S, and О, ОН and Н2О was тоге
difficult because of vacancies. The oxygen atoms 0(8),0(9), and 0(10)
of the sulfate group were only found in the last stages of the refine-
ment. Similarly to Si(2) the sulfate group was found to Ье close to the
хуО mirror plane and the positions were only half occupied. АН
oxygen atoms of the sulfate group showed уегу large temperature
factors.



Atom
I

fЗll Х 104 fЗ22Х 104 I fЗзз х 104 fЗ12 Х 104 fЗIЗ = fЗ2З= О

Ба(l) 21(3) fЗll 104(6) fЗll/2
Ба(2) 20(1) fЗll 149(4) fЗll/2

Са 50(5) 33(4) 110(11) 30(4)
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ТаЫе 3. Anisotropic teтperature fасtт's for Ба(l), Ба(2), Са, assuт~ng that

these atoтs are оп the basal тirror plane

They аге of the [огm охр [ -(fЗllh2 + fЗ22k2 + fЗззl2 + 2 fЗ12hk + 2 fЗ1зhl + 2 fЗ2зkl)]

The refinement with isotropic temperature- factors but splitting
the Ва( 1), Ва(2) and Са positions into two positions symmetrically
related Ьу the хуО mirror plane, was straightforward and reached
R = 5.10;0. The results are listed in ТаЫе 2. Refining-Ba(l), Ва(2)
and Са оп the mirror plane but with anisotropic temperature factors
for these atoms produced а thermal cJlipsoid which ,vas strongly
elongated parallel to z. R reached 4.90/0. An anisotropic refinement
of аН atoms gave an R value of 4.60/0. Positional parameters in the
various refinements agreed ,vithin а standard deviation and only
those of the isotropic refinement aro listed in ТаЫе 2. The results of
the anisotropic refinement (ТаЫе 3) were used for the ORTEP stereo-
drawings (Fig.8-11) mainly ав an aid in visualizing the stereoscopic
effect, but the anisotropy apart from Ва and Са is barely significant
and тау Ье mainly due to positional disorder. Seventeen sites were
determined ,vith certainty. The Н2О sitc at ОО! refined to а very
втаН temperature factor and тау Ье partially occupied Ьу а heavier
atom. No other water соиИ Ье determined although the chemical
analyses and infra-red data (PAPAGEORGAКIS, 1962) suggest that there
is considerable Н2О present in the structure.

The last difference Fourier synthesis showed а very steep and
rugged topography of equally intense positive and negative peaks
distributed randomly over the unit сеН.

Discussion of the structure

The structure of wenkite (Fig.3, 4) resembles that of zeolites
(SИIТН, 1963; FISCHER and MEIER, 1965). It is an open framework
with large channels which contain the cations and the sulfate group.

Framework (Fig. 4-7)

The building unit of the Si/ Al framework is the вате hexagonal
cavity which is found in gmelinite (FISCHER, 1960), cancrinite (JAR-
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Fig.4. Stereoscopic pair of photographs of the A!-Si framework of wenkite.
А unit се]] ofthe ordered basic structure (Р31т) is shown

Fig.5. The frarno\vork of \venkite ropresontod as Т po!yhedron. N otico the
hexagona! bui!ding ппit which is a!so fOl1nd in gmelillite and cancrinite

Fig.6. Stereoscopic pair of drawings of the tetrahedra! interrl1pted framework
of wenkite. Тlш trl1ncatod corners indicate oxygen atoms ,vhich аге llot bonded

in the frarne\vork [Т(2)]

СНО"\У,1965) ог in the synthetic zeolite L (BARRER and VILLIGER, 1969).
Six-membered rings of tetrahedra аге connected in alternate layers
directly and through insertion of six additional bridging tetrahedra,
causing а trigonal distortion of those channels which extend ратаllеl



average

Ва(2)-0(1) 2.793(12) 1 IT(2)-0(2)
-0(2) 2.975(13) 2

I

-0Н(6)
-0(3) 2.846(12) 2 averagc
-0(4) 3.201(9) 4
-0(8) 2.51(6) 1

Т(:{)-О(:{)
-0(4)

Са-0(4) 2.68(10) 2 -0(5)
-0Н(6) 2.39(2) 1 -0(7)
-0(7) 2.43(2) 1 average
-0(9)1 2.57(4) 1
-0(9)2 2.72(4) 1
-0(10) 2.64(7) 1

8-0(8) 1.46(6) 1
-0(9) 1.45(3) 2
-0(10) 1.42(3) 1

average 1.44(4)

1.688(13) 3
1.633(27) 1
1.674

1.671(6) 1
1.691(10) 1
1.674(6) 1
1.660(7) 1
1.674
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~ atz= 7/2

Fig.7. 8chcmatic representation of the three channcl systems

ТаЫе 4. Selecterl interatomic distances assuming that Ва(l), Ва(2), Са, 8 and Т(l)
are оп basal mirror planes

distance
I

mllltiplicity

I I
Ва(1)-0(3) 3.313(12) А' 6Т(1)-0(1)

-0(5) 2.838(13) 6 -0(2)
-0(4)

Atoms mllltiplicity

1.665(7) А
1.693(14)
1.684(10)
1.682

1
1
2

to the z axis. The repeat period of the building unit in the channels
is 7.5 А = с and the diameter of the six-membered rings is about 5 А.
These hexagonal channels are linked in попе of the ways which have
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been discussed Ьу BARRER and VILLIGER (1969) but Ьу insertion of ап
additional tetrahedron Т(2). Only three corners of this tetrahedron
are linked in the framework, the fourth one is free and probably
occupied Ьу an ОН group. The free corner is pointing upwards and
downwards randomly, thus producing а Р62т symmetry from
а Р31т basic structure. Весаиве ofthis partially bonded tctrahedron,
wenkite роввеввевan iпterrиpted framework with very large additional
cavities between the hexagonal channels.

These cavities are strongly distOl'ted. They connect to form а set
of channels with eight-membered rings parallel to the z axis (at х = !,
у = О)and а set of channels with slightly kinked ten-membered rings
parallel to the х axis (at у = !, z = !). The three channel systems are
shown schematically in Fig. 7. The structure is ореп with large врасев
for cations. The diameter of the six-membered rings is about 5 А,
of the eight-membered rings 6! А and of the ten-membered rings 8 А.
Thus the wenkite framework should have excellent ion-exchange
properties.

АН т-о distances of this interrupted framework are similar and
average to 1.675 А (ТаЫе 4). This suggcsts disorder of thc 8 АI and

12 Si atoms оп аН three Т positions.

Cations

The catioпs aпd the sulfate group оссиру positions in the channels.
The channel with six-membere(l rings is highly symmetrical (approach-
ing 6jmmm) and Ва(l) occupies the largest cage in it at 000. It has
а twelvefold coordination (Fig.8), with ап avcrage Ва(1)-О distance
of 3.07 А and а shortest Ва(1)-О(5) distance of 2.84 А. Ва(l) is

1.'ig.8. Stereoscopic pair of ОЕТЕР drawings sho\ving the coordination of Ва(l).
The ellipsoids give probability contours of 98 О/о
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Fig.9. Stereoscopic pair of drawings sho,ving the coordination of Ва(2) and the
BaS04 chain ext,ending parallc! to the z axis. 980/0 probabi!ity contOllrs

Fig.10. Stereoscopic pair of drawings showing the irregll!ar coordination of Са.
980/0 probability соntошs

either vibrating strongly along the channel axis (z) or statistically
occupying two positions close to the mirror plane. А water molecule
is probably located at OO~.The channels with eight-membered rings
have а much lower symmetry (2Iт), and atoms in them [Ва(2), Са, 804]
have an irregular coordination (Figs.9 and 10).

At least some of the Ва-О and Са-О distances [from ТаЫе 4:
Ва(2)-0(1) = 2.79 А, Ва(2)-0(8) = 2.50 А, Са-ОН(6) = 2.39 А,
Са-0(7) = 2.43 А] are shorter than we would expect from published
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average ionic radii (8ПАNNОNand PREWITT, 1969) indicating strong
bonds and polarization. Ва(2) is most closely bonded to the 804
tetrahedron, thus producing Ва804 molecules (Fig.9) slightly геБет-
bling the barite structure (8АПL, 1963). Interestingly enough, part of
the barium in the only other known Ва-804 silicate innelite is alsa
closely associated with the sulfate group (ОПЕRNОVet аг., 1971).
А bent chain ofBa804 molecules extends рагаlIеl to the z axis (at х = О,
у= t) in the center of the channels with 8-membered rings. 804
tetrahedra аге randomly pointing upwards and downwards 1ike the
Т(2) tetrahedron. The oxygen atoms of the 804 groups have much
1arger temperature factors than the framework oxygen, indicating
а rather 100Бе connection in the structure. These 1arge Ва804 m01ecules
and tlle Ва(l) atoms plug the channels. Thus, although the framework
contains three systems of very large channels, it is unlikely that
wenkite will show the exchange properties of zeolites. No exchange
experiments have Ьееп done, but PAPAGEORGAКIS(1962) showed that
по water is lost in heating to 500 о О but а slow and gradualloss occurs
at higher temperatures (up to 1100°0). It would Ье interesting to
investigate the properties of the ,venkite framework which is not
filIed ,vith barium.

8ymmetry 4

The true symmetry of wenkite is Р31т. The structure has Ьееп
refine(l with averaged P6jmmm diffraction data in the P62rп Брасе
group. Neither physical properties nor diffraction effects indicate апу
deviation from this pseudosymmetry. The true symmetry is only
revealed Ьу large anisotropic temperature factors of atoms оп the
basal mirror plane which is probably due to positional disorder, Ьу
8i(2), which is close to the mirror plane, and Ьу the Т(2) and 804
tetrahedra which point in half occupancy upwards and downwards.
Thus, although еуеп smalI fragments exhibit Р62т symmetry, оп
а submicroscopic scale wenkite consists of smalI domains which are
in а (0001) twin relation. If these domains are of the size of the unit
сеП, we would саП it disorder оп two separate sites, each one-half
occupied. If the domains are larger, then they should Ье calIed sub-
microscopical twins. ТЬе hexagonal and the tetragonal systems Беет
to favor such twinning because the lattices of host and twin coincide.
Twinning does not affect the framework and thus leaves the 1attice
constants unchanged.

4 Сотраге also note at the end of the рарег.
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Chemical formula

The formula which is suggested from the x-ray structure refinement
is Ва4(Сао.9Dо.l)6. (Al,Si)200З9(ОНМS04)З. пН2О.1п ТаЫе 1 it is сот-
pared with formulas derived from chemical analyses and appears to Ье
an aveгage. The Ва(2) and the S04 sites are [иНу occupied; the Са site
contains considerable vacancies or substitution Ьу К and Na (вее new
analysis: ТаЫе 1, SСН\VАNDЕR,1972), and so probably does the Ва(1)
site. А small amount of water тау Ье оп the partially occupied ОО!site
and in other positions, but its determination was beyond the resolution
of the data. The density which has Ьееп calculated from the structural
formula (without water) is 3.16 g . ст-З which agrees well with the
experimentally determined value of 3.10 g' ст-З. The positive charge
of +4.8 in the structural formula сап Ье balallced either Ьу adding
ОН, which could not Ье located, through substitution of Са Ьу Na
or К or Ьу adjusting the rather uncertaill SijAl ratio.
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Note added in proojs. Since t!le rnanuscript was subrnitted t!le dошаiп
strllctllI'e of ,venkite lJas becn further investigated. Тlш possibi!ity of subrnicro-
scopic dошаiпs w!lic]} was sllggcsted оп strllctllra! grollnds lJas Ьееп confirmed
exper'imentally witlJ transmission e!ectron microscopy. High-vo!tage dark-fie!d
e!cctron miсгоgгарЬs disp!ay srnооtЫу cllrved bOllndaries геsешЫiпg APB's
abollt 50-100 А apart and po!ysynt!letic !аrnеllае resernbIing twins spaced

about 100 А (LEE, 1973; \VENK and LEE, 1972). ТЬе antiplJase domains cou!d
on!y Ье imaged wit!l the weak super reflcctions h, k, and l llпеуеп whiclJ were
obscrved in e!ectron-diffraction patterns and in extreme!y strong!y exposed
precession pllOtograplJs. ТЬе sllperreflections, ,VlJiC!l were not noticed before,
show hexagona! Р 6jттт symrnetry and dOllbIe х and z axes.
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