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SIMONKOLLEITE, Zn5 (OH)8 Cl2 (H2O),
A DECORATED INTERRUPTED-SHEET STRUCTURE OF THE FORM [M�2]4
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ABSTRACT

The crystal structure of simonkolleite, Zn5 (OH)8 Cl2 (H2O), rhombohedral, space group R3̄m, a 6.3412(3), c 23.646(1) Å, V
823.4(1) Å3, Z = 3, has been refined to an R index of 1.6% based on 284 observed (5�) reflections measured with MoK� X-
radiation. There are two distinct Zn sites fully occupied by Zn: Zn(1) is octahedrally coordinated by six (OH) groups, <Zn(1)–
OH> = 2.127 Å, and Zn(2) is tetrahedrally coordinated by three (OH) groups and one Cl atom, <Zn(2)–OH,Cl> = 2.041 Å. The
(Zn�6) octahedra (�: O, OH, Cl) form an edge-sharing dioctahedral sheet similar to that observed in dioctahedral micas. On each
side of the vacant octahedron, a (Zn�4) tetrahedron is attached to three anions of the sheet and points away from the sheet. The
decorated sheet can be written as [M3 (T�4)2 �2], where M = [6]Zn, T = [4]Zn and � = OH, Cl. Intercalated between adjacent sheets
are interstitial (H2O) groups. The sheets are held together by hydrogen bonding from (OH) groups of one sheet to Cl anions of
adjacent sheets, and to interstitial (H2O) groups. Simonkolleite can be considered as a decorated sheet structure of the form
[[6]M�2]4 with an interrupted sheet, and is related to the structures of cianciulliite, gordaite, namuwite, bechererite, chalcophyllite,
ramsbeckite, chalcophanite and claringbullite.
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SOMMAIRE

Nous avons affiné la structure cristalline de la simonkolleïte, Zn5 (OH)8 Cl2 (H2O), rhomboédrique, groupe spatial R3̄m, a
6.3412(3), c 23.646(1) Å, V 823.4(1) Å3, Z = 3, jusqu’à un résidu R de 1.6% en utilisant 284 réflexions observées (5�) mesurées
avec rayonnement MoK�. La structure contient deux sites Zn distincts, qu’occupent le Zn. Le site Zn(1) montre une coordinence
octaédrique avec six groupes (OH), <Zn(1)–OH> = 2.127 Å, et le site Zn(2) possède une coordinence tétraédrique, impliquant
trois groupes (OH) et un atome Cl, <Zn(2)–OH,Cl> = 2.041 Å. L’octaèdre (Zn�6) (�: O, OH, Cl) définit un feuillet dioctaédrique
par partage d’arêtes, tout comme dans les micas dioctaédriques. De chaque côté de l’octaèdre manquant, un tétraèdre (Zn�4) est
rattaché aux trois anions du feuillet, avec le sommet du tétraèdre orienté dans la direction opposée. On peut écrire ainsi la
stoechiométrie du feuillet ainsi décoré: [M3 (T�4)2 �2], dans laquelle expression M = [6]Zn, T = [4]Zn and � = OH, Cl. Des groupes
interstitiels de H2O sont intercalés entre les feuillets. Des liaisons hydrogène entre groupes (OH) d’un feuillet aux anions Cl des
feuillets adjacents, et aux groupes (H2O) interstitiels, rattachent le tout. La structure en feuillets décorés de la simonkolleïte aurait
la forme [[6]M�2]4, avec interruption dans les feuillets. Elle a des points communs avec les structures de cianciulliite, gordaïte,
namuwite, bechererite, chalcophyllite, ramsbeckite, chalcophanite et claringbullite.

Mots-clés: simonkolleïte, structure cristalline.
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INTRODUCTION

Simonkolleite was described as a new mineral by
Schmetzer et al. (1985). It occurs as a product of weath-
ering of zinc-bearing slags at Richelsdorf, Germany, and
is associated with native zinc, hydrocerussite, diaboleite,
zincite and hydrozincite. Simonkolleite is colorless,
forms tabular hexagonal crystals up to 1 mm in diam-
eter, and has perfect cleavage parallel to (001). The crys-

tal structure of the synthetic analogue of simonkolleite
was reported by Nowacki & Silverman (1961) and
Allmann (1968). As part of our continuing interest in
hydroxy-hydrated Cu–Zn oxysalts (Hawthorne 1985,
Hawthorne & Groat 1985, Eby & Hawthorne 1989a, b,
1990, 1993, Burns et al. 1995, Hawthorne & Schindler
2000), we have refined the crystal structure of
simonkolleite and present the results here.
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EXPERIMENTAL

The crystals used in this work are from the type lo-
cality and were obtained from Mr. Forrest Cureton. A
small crystal measuring 25 � 80 � 100 �m was at-
tached to a glass fiber and mounted on a Bruker P4 au-
tomated four-circle diffractometer equipped with
SMART 1K CCD detector and MoK� X-radiation. A
total of 4699 reflections over the range 3 ≤ 2� ≤ 60°
was collected according to the procedure described by
Cooper & Hawthorne (2001), using 0.2° framewidths
and 90 s frames; this total is well in excess of the num-
ber of reflections in the Ewald sphere, and afforded con-
siderable redundancy. The unit-cell dimensions (Table
1) were refined by least-squares using the positions of
2940 reflections with I > 10 �I. The data were corrected
for absorption by SADABS, reducing R(int) from 6.5 to
2.9%. Reflections were corrected for Lorentz, polariza-
tion and background effects, averaged and reduced to
structure factors; of the 340 unique reflections, 284 re-
flections were considered as observed [| Fo | ≥ 5�F].

STRUCTURE SOLUTION AND REFINEMENT

Scattering curves for neutral atoms were taken from
the International Tables for Crystallography (1992). R

indices are of the form given in Table 1, and are ex-
pressed as percentages. The Bruker SHELXTL PLUS
(PC version) system of programs was used for this work.

Refinement was initiated with the positional param-
eters reported for the synthetic analogue by Allmann
(1968). The structure refined rapidly to an R index of
~2% for a model with anisotropic-displacement param-
eters for all non-H atoms. At this stage, the H sites were
found on a difference-Fourier map and input into the
refinement with the soft constraint that O–H distances
are ~0.98 Å. Full-matrix least-squares refinement con-
verged to an R index of 1.6%. Final positional and dis-
placement parameters are given in Table 2, and selected
interatomic distances and angles are listed in Table 3.
Observed and calculated structure-factors are available
from The Depository of Unpublished Data, CISTI, Na-
tional Research Council, Ottawa, Ontario K1A 0S2,
Canada.

DESCRIPTION OF THE STRUCTURE

Coordination of the cations

There are two crystallographically distinct Zn sites
in simonkolleite, both of which are fully occupied by
Zn. The Zn(1) site is coordinated by six (OH) groups in
an octahedral arrangement with a <Zn–(OH)> distance
of 2.127 Å. The Zn(2) site is coordinated by three (OH)
groups, and one Cl atom in a tetrahedral arrangement,
with a <Zn–(OH),Cl> distance of 2.041 Å. The Zn(1)
octahedron has four long equatorial bonds and two short
apical bonds. As discussed in detail by Burns &
Hawthorne (1995), octahedrally coordinated Cu2+

shows elongation (rather than shortening) of apical
bonds, and hence one does not expect an isostructural
Cu2+ analogue of simonkolleite. This apical shortening
of the Zn(1) octahedron in simonkolleite is a result of
the bond-valence requirements of the coordinating (OH)
groups and the connectivity of polyhedra in the struc-
ture. The equatorial (OH) groups [= O(1)] are coordi-
nated by two Zn(1) cations and one Zn(2) cation,
whereas the apical (OH) groups [= O(2)] are coordinated
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by three Zn(1) cations. As Zn(1) is [6]-coordinated and
Zn(2) is [4]-coordinated, the local bond-valence require-
ments (Table 4) require the Zn(1)–O(1) bonds to be
considerably longer than the Zn(1)–O(2) bonds. The
Zn(2) tetrahedron has three short Zn(2)–O(1) bonds and
one long Zn(2)–Cl bond. This is the only cation–Cl
bond, and hence Cl must be an acceptor anion for sev-
eral hydrogen bonds in order to satisfy its bond-valence
requirements.

Hydrogen bonding

The bond-valence incident at the various anions from
the Zn cations (Table 4) show O(1) and O(2) to be (OH)
groups and O(3) to be an (H2O) group. The H atoms
associated with the (OH) groups were located in the
refinement (Table 2), and a reasonable hydrogen-bond-
ing arrangement is apparent (Tables 3, 4). The H(1)
atom hydrogen-bonds to a Cl anion of the adjacent layer
with an H…Cl distance of 2.256 Å, and each Cl atom is
an acceptor of three hydrogen bonds from H(1) atoms
of the adjacent layer (Fig. 1). The H(2) atom hydrogen-

bonds to the O(3) anion, an interstitial (H2O) group.
Each O(3) anion [= (H2O) group] is an acceptor of two
hydrogen bonds from the adjacent sheets (Fig. 1).

The bond-valence incident at O(3) (Table 4) shows
it to be an (H2O) group, as it does not bond directly to
any cation in the structure. The associated H atoms of
the (H2O) group were not found in the final difference-
Fourier map. This is not unexpected, as the O(3) anion
ideally lies on Wyckoff position 3b with point symme-
try 3̄m, and the (H2O) group cannot conform to this
point symmetry as its maximal point-symmetry, is mm2.
Even though O(3) is disordered off the 3b position to
the 18h position, the H atoms of the group must be dis-
ordered to conform with the long-range symmetry R3̄m,
and hence we do not expect to be able to locate these H
atoms by X-ray diffraction. However, there are two H
(equivalent) atoms associated with O(3), and the ratio
of (H2O):Cl is 1:2; thus, each Cl anion will receive one
hydrogen bond from an (H2O) group. Hence Cl is an
acceptor of four hydrogen bonds (Table 4).

Structure topology

Each (Zn�6) octahedron (�: unspecified ligand)
shares four edges with adjacent octahedra to form a
dioctahedral sheet similar to that in muscovite and other
dioctahedral phyllosilicates. In this sheet, each vacant
octahedron is sandwiched between two (Zn�4) tetrahe-
dra with their apices pointing away from the sheet. The
resulting sheet is of the form [M3 (T�4)2 �2] or [[6]Zn3
{Zn (OH)3 Cl}2 (OH)2] (Fig. 2). Because of the rhom-
bohedral symmetry, adjacent sheets are shifted such that
the rows of projecting {Zn (OH)3 Cl} tetrahedra
intermesh (Fig. 3) and intercalate parallel rows of (H2O)
groups.

RELATED STRUCTURES

Hawthorne & Schindler (2000) examined the prin-
ciples involved in the structures of hydroxy-hydrated
copper (and zinc) minerals based on decorated
[Cu2+�2]N sheets. The structure of simonkolleite fits into
this scheme if we write the formula in the following
way: [[6]Zn3 {[4]Zn (OH)3 Cl}2 (OH)2] (H2O). First, we
include the vacant octahedra into the formula: [6](Zn3
�). Next, we see from Figure 2 that each tetrahedron
links to three octahedral ligands, and hence we can write
each {Zn (OH)3 Cl} tetrahedron as �3 (�: any anion of
the sheet). Hence the above formula reduces to [(Zn3
�) �6+2] = [M4 �8] = [M�2]4 where M = [6](Zn, �) and
� = octahedron ligands. Thus simonkolleite has a struc-
ture based on a decorated ([6]M�2)N sheet.

Hawthorne & Schindler (2000) discussed the struc-
tures that fall into this category of decorated [M�2]N
sheets. Of particular interest in the present case are those
structures in which there are vacancies at some of the
octahedrally coordinated sites in the sheet, the “inter-
rupted” sheets; these are listed in Table 5. The nature of

FIG. 1. The hydrogen bonding arrangement of the (OH)
groups in simonkolleite; Zn(1) octahedra are yellow, Zn(2)
tetrahedra are green, H atoms are small blue circles, hydro-
gen bonds are thin black lines, (H2O) groups are red
circles.
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these structures is not immediately apparent from their
formulae when expressed in the usual way (Table 5).
However, we may rewrite these formulae by incorpo-
rating octahedrally coordinated vacancies and by iden-
tifying the decorating oxyanions and their mode of
attachment to the sheet.

Cianciulliite

The formula of cianciulliite, Mn (Mg,Mn)2 Zn2
(OH)10 (H2O)2–4, seems to be of the form [M5 �10], but
this is misleading as the Zn cations are tetrahedrally
coordinated. Moreover, there is a vacancy in the sheet
of octahedra, about which two tetrahedra are attached
to the sheet at three ligands each (Fig. 4a) in the same

fashion as in simonkolleite. Rewriting the formula to
reflect this feature gives [[6](Mn {Mg,Mn}2 �) (Zn
{OH}4)2 (OH)2] = [M4 X6 (OH)2] (where X represents
simple anions of the decorating group) = [M4 �8] =
[M�2]4.

Gordaite

The formula of gordaite, Na [Zn4 (SO4) (OH)6 Cl]
(H2O)6, is similarly deceptive, as the structural unit
seems directly to be of the form [M4 �8]. However,
gordaite has vacancies in the sheet of octahedra and one
quarter of the Zn is tetrahedrally coordinated (Fig. 4b).
If we rewrite the structural unit as [Zn8 (SO4)2 (OH)12
Cl2], six Zn cations are octahedrally coordinated, two

FIG. 2. The sheet of Zn(1) octahedra and Zn(2) tetrahedra in simonkolleite viewed down
the c axis; legend as in Figure 1.
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Zn cations are tetrahedrally coordinated, and there is one
“octahedrally coordinated” vacancy in the sheet, which
we can now write as [[6](Zn6 �) {[4]Zn (OH)4}2 (SO4)2
(OH)4 Cl2]. The octahedrally coordinated species sum
to seven; the (SO4) groups link to two sheet anions, each
{Zn (OH)4} group links to three sheet anions, and with
the additional four (OH) groups and two Cl anions, the
total number of sheet anions sums to fourteen. Thus in
gordaite, the sheet is [M7 X8 �6] = [M7 �14] = [M�2]7; it
is homeomorphic to graph 4b of Hawthorne & Schindler
(2000).

Namuwite

The situation for namuwite is similar to that of
gordaite. Six (Cu2+,Zn) cations are octahedrally coordi-

nated, two Zn cations are tetrahedrally coordinated, and
there is one octahedrally coordinated vacancy (cf. Fig.
4b). Thus [(Zn,Cu2+)4 (SO4) (OH)6] � 2 → [(Zn,Cu2+)8
(SO4)2 (OH)12] → [[6]({Zn,Cu2+}6 �) {Zn (OH)4}2
(SO4)2 (OH)6]. The octahedrally coordinated cations
sum to seven; the (SO4) groups link to two sheet anions,
each {Zn (OH)4} tetrahedron bonds to three sheet an-
ions, and there are an additional six (OH) groups, re-
sulting in fourteen sheet anions. Thus in namuwite, the
sheet is [M7 X8 �6] = [M7�14] = [M�2]7; it is homeo-
morphic to graph 4b of Hawthorne & Schindler (2000).

Bechererite

In bechererite, there are six octahedrally coordinated
(Zn,Cu2+) cations, every seventh octahedron is vacant,

FIG. 3. Oblique view of the structure of simonkolleite, showing the conformation of adja-
cent sheets and the arrangement of the interstitial (H2O) groups; legend as in Figure 1.
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and there are two tetrahedrally coordinated Zn cations
(Fig. 4c), and we may write the sheet formula as
[([6]{Zn,Cu2+} �) {Zn2 (OH)7} (SO4) (Si O {OH}3)
(OH)6]. The tetrahedrally coordinated Zn forms a [T2
O7] pyro-group in which all non-bridging bonds involve
anions of the sheet (i.e., the pyro-group links adjacent

sheets). Thus there are six sheet anions involved in the
pyro-group, one anion for each of the (SO4) and (Si2
{OH}3) groups, and six (OH) groups, a total of fourteen
anions. Thus in bechererite, the sheet is [M7 X8 �6] =
[M7 �14] = [M�2]7; it is homeomorphic to graph 4b of
Hawthorne & Schindler (2000).

FIG. 4. Interrupted [M�2]N sheets decorated by tetrahedra; (a)
the [M�2]4 sheet in cianciulliite projected onto a plane 5°
away from (100). (b) The [M�2]7 sheet in gordaite. (c) The
[M�2]7 sheet in bechererite, in which not all of the (Zn�4)
tetrahedra are present owing to positional disorder. (d) The
[M�2]12 sheet in chalcophyllite. (e) The [M�2]15 sheet in
ramsbeckite. Yellow: (M2+�6) octahedra; pale orange:
([3]M�6) octahedra; green-grey: tetrahedra.
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Chalcophyllite

The formula of chalcophyllite may be written as
[Cu2+

9 Al (AsO4)2 (OH)12 (H2O)6] (SO4)1.5 (H2O)12,
where the decorated sheet is within the square brackets
and the species outside the square brackets are intersti-
tial. Each (AsO4) group is attached to the sheet by three
vertices and is associated with a vacancy in the octahe-
dra of the sheet (Fig. 4d). Thus the octahedrally coordi-
nated species are (Cu2+

9 �2 Al), and we may write the
sheet formula as [(Cu2+

9 �2 Al) (AsO4)2 (OH)12 (H2O)6]
= [M12 X6 �18] = [M12 �24] = [M�2]12; it is homeomor-
phic to graph 4c of Hawthorne & Schindler (2000).

Ramsbeckite

We write the formula as (Cu2+
13Zn2) (OH)22 (SO4)4

(H2O)6. There are two Zn cations pfu (per formula unit)
in tetrahedral coordination. Furthermore, the (Zn�4) tet-
rahedron shares three anions with the sheet and the
fourth anion with an (SO4) group of an adjacent sheet:
{Zn S�7}, and another (SO4) group shares one anion
with the sheet (Fig. 5b). We may thus write the formula
as [{(Cu2+,Zn)13 �2} {Zn (OH)3 SO4}2 (SO4)2 (OH)16]
(H2O)6 = [M15 X4 �16] = [M15 �30] = [M�2]15; it is ho-
meomorphic to graph 4d of Hawthorne & Schindler
(2000).

Chalcophanite

The formula of chalcophanite, Zn Mn3 O7 (H2O)3,
does not seem to be related to the [M�2]N structures.

However, although all of the cations are octahedrally
coordinated, only the Mn4+ cations form a sheet of oc-
tahedra. Moreover, there is one vacancy for each six
Mn4+ cations in the structure, indicating that chalco-
phanite has an interrupted sheet (Fig. 5a). Thus we may
rewrite the formula in the following way: [Zn Mn3 O7
(H2O)3] � 2 → [Mn6 Zn2 O14 (H2O)6] = [[6](Mn6 �)
[6](Zn O3 {H2O}3)2 O8]. The octahedrally coordinated
species within the sheet sum to seven; each (Zn O3
{H2O}3) octahedron shares three anions with the sheet,
overlying the vacant octahedra of the sheet, and the to-
tal number of sheet anions is fourteen: [M7 X6 �8] = [M7
�14] = [M�2]7.

Claringbullite

The formula for claringbullite is rather deceptive. If
written as in Table 5, [Cu2+

4 Cl (OH)6 {Cl,OH}], it
seems to be of the form [[6]Cu2+

4 �8] = [M�2]4. How-
ever, in the sheet of octahedra in claringbullite, there is
an octahedrally coordinated vacancy, �, and only three
of the four Cu2+ cations in the unit formula are octahe-
drally coordinated. The other Cu2+ cation is not part of
the sheet; it has trigonal prismatic coordination and links
adjacent sheets (Fig. 5b), i.e., it decorates the sheet of
octahedra. Thus we may write the formula of claring-
bullite more comprehensively as [(Cu2+

3 �) <Cu
(OH)6> Cl (Cl,OH)] = [M4 X6 �2] = [M4 �8] = [M�2]4;
it is homeomorphic to graph 3c of Hawthorne &
Schindler (2000).

FIG. 5. Interrupted [M�2]N sheets decorated by other polyhedra: (a) the [M�2]7 sheet in chalcophanite, decorated by (Zn�6)
octahedra. (b) The [M�2]4 sheet in claringbullite, decorated by (Cu2+�6) triangular prisms; the direction of projection for
claringbullite is tilted slightly from the c axis also that the triangular-prismatic coordination of the decorating species is
apparent. Yellow: octahedra of the sheet; green-grey: decorating species.
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SUMMARY

Simonkolleite, [[4](Zn3 �) {[4]Zn (OH)3 Cl}2 (OH)2]
(H2O), is a decorated [M�2]N sheet structure with an
interrupted sheet, N = 4, and Zn in both octahedral and
tetrahedral coordination. Also in this family of struc-
tures are cianciullite, gordaite, namuwite, bechererite,
chalcophyllite, ramsbeckite, chalcophanite and claring-
bullite.
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