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ABSTRACT

The crystal structure of kraisslite, orthorhombic (pseudo-hexagonal), a = 8.1821(1), b = 14.1946(3), c =

43.9103(8) Å, V = 5099.8(2) Å3, Z = 4 and dcalc = 4.083 g cm�3, has been solved by direct methods and

refined in the space group C2221 to an R1 index of 1.68% for 7432 observed (|Fo| > 4s|F|) reflections.
Electron-microprobe analysis gave the following chemical composition: As2O5 10.86, As2O3 6.18,

SiO2 13.39, Al2O3 0.25, Fe2O3 2.06, MnO 51.14, ZnO 7.39, MgO 2.13, CaO 0.05, H2Ocalc = 4.50, sum

97.95 wt.%; and empirical formula: Zn2.91(Mn23.07Mg1.69Ca0.03)S=24.79(Fe
3+
0.83Al0.16)S=0.99(As

3+O3)2
[(Si0.71As

5+
0.30)O4]10(OH)16 calculated on the basis of 62 anions with (OH) = 16 and As3+/(As3+ + As5+)

taken from the refined crystal structure. The general formula, [4]Zn3(Mn,Mg)25(Fe
3+,Al)(As3+O3)2

[(Si,As5+)O4]10(OH)16, differs from those given previously.

There is one As3+ site with a <As�O> distance of 1.780 Å and a stereochemistry typical of a

stereoactive lone-pair of electrons. There are five tetrahedrally coordinated T sites with <T�O>
distances from 1.635 to 1.692 Å; the T(1) site is fully occupied by As5+, and the T(2)�T(5) sites are
occupied by both Si and As5+. There are two tetrahedrally coordinated Zn sites with <T�O> distances

of ~1.996 Å, both of which are occupied by dominant Zn and minor Mn2+. There are thirteen

octahedrally coordinated M sites, twelve of which are occupied by dominant Mn2+ with lesser Mg and

minor Zn; <M�O> distances are in the range 2.197�2.284 Å. The <M(13)�O> distance is 2.083 Å and

its lower site scattering indicates occupancy by Fe3+, Mn2+, Mg and Al. The structure consists of five

crystallographically distinct layers of polyhedra, labelled m = 0�4. Layer m = 0 consists of corner-

sharing Zn and (Si,As5+) tetrahedra, and layers m = 1�4 each consist of trimers of Mn2+ octahedra

linked by (Si,As5+) tetrahedra and intrasheet hydrogen bonds (m = 1, 3) or (Si,As5+) tetrahedra and

(Fe3+,Al) octahedra (m = 2) or (As5+) tetrahedra and (As3+O3) triangular pyramids and intrasheet

hydrogen bonds (m = 4). The layers stack along [001] with reversals of the sequence m = 1, 2, 3, 4 at z =

0, �, � and �̄̆ . Kraisslite is a member of the mcgovernite family.

KEYWORDS: crystal structure, electron-microprobe analysis, mcgovernite family.

Introduction

KRAISSLITE was initially described as a hexagonal

arseno-silicate from Sterling Hill mine,

Ogdensburg, Sussex County, New Jersey, USA

(Moore and Ito, 1978). The space group was

given as P6322, with a = 8.22(1) and c =

43.88(5) Å, and the diffraction pattern showed

significant streaking parallel to c*. The chemical

formula was given as Zn4(Mn21.36Mg1.92
Fe2+0.72)S=24(AsO4)4(SiO4)8(OH)12. A later

chemical analysis of kraisslite revealed the

presence of significant As3+ and Fe3+, and a new
* E-mail: frank_hawthorne@umanitoba.ca
DOI: 10.1180/minmag.2012.076.7.13
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idealized formula was given as Zn3Mn22Mg2Fe
3+

(AsO3)2(AsO4)3(SiO4)6(OH)18 (Dunn and Nelen,

1980). Moore and Ito (1978) stated that kraisslite

is structurally related to hematolite (Moore and

Araki, 1978) and mcgovernite (Palache and

Bauer, 1927; Wuensch, 1960). As part of our

general interest in the basic Mn arsenates (Cooper

and Hawthorne, 1999, 2001), here we report on

the crystal structure of kraisslite.

Experimental

The kraisslite used for this work is from the

Sterling Hill mine, New Jersey, USA, and was

provided by the Smithsonian National Museum of

Natural History, sample number NMNH 83135.

The majority of the kraisslite on the sample

consists of pale pinkish orange bent ultra-thin

sheets. Our earlier attempts to determine a

structure using these bent sheets resulted in

diffraction patterns with extensive streaking and

multiple satellite diffractions, and the sample was

relinquished to the ‘nasty’ drawer for over a

decade. The sample was recently revisited, and

careful inspection revealed rare dark orange plates

10�20 mm thick that were partly concealed within

a white powdery fine-grained matrix. We initially

thought that these plates might be something other

than kraisslite, but unit-cell determinations

showed that they are high-quality crystals of

kraisslite. One crystal was selected for the

collection of single-crystal X-ray diffraction

data, and subsequent chemical characterization

via electron-microprobe analysis.

The kraisslite crystal was attached to a tapered

glass fibre and mounted on a Bruker D8 three-

circle diffractometer equipped with a rotating-

anode generator (MoKa), multilayer optics and an

APEX-II detector. A total of 140,897 reflections

(29,422 within the Ewald sphere) was collected to

60º 2y using 5 s per 0.2º frames with a crystal-to-

detector distance of 8 cm. Empirical absorption

corrections (SADABS; Sheldrick, 2008) were

applied and equivalent reflections were then

corrected for Lorentz, polarization and back-

ground effects, averaged and reduced to structure

factors. The unit-cell dimensions were obtained

by least-squares refinement of the positions of

9679 reflections with I > 10sI and are given in

Table 1, together with other information

pertaining to data collection and structure

refinement.

Structure solution and refinement

The X-ray diffraction pattern of the crystal selected

possesses uniform sharp diffraction spots with no

suggestion of streaking or additional satellite

reflections. Although the observed diffraction

pattern is metrically consistent with a hexagonal

unit cell, the internal agreement index, Rint, for the

Laue merging of reflection equivalents for

hexagonal symmetry gives an Rint of 41.1%

(Table 2), clearly indicating that the intensity

distribution is not conformable with hexagonal

symmetry. There are three possible C-centred

orthorhombic cells conformable with the pseudo-

hexagonal unit cell, but it is clear that only one

TABLE 1. Miscellaneous refinement data for kraisslite.

a (Å) 8.1821(1) Crystal size (mm) 50660615
b (Å) 14.1946(3) Radiation MoKa
c (Å) 43.9103(8) No. of reflections 140,897
V (Å3) 5099.8(2) No. in Ewald sphere 29,422
Space group C2221 No. unique reflections 7496
Z 4 No. with (Fo > 4sF) 7432
dcalc (g cm�3) 4.083 Rmerge (%) 1.4

R1 1.7
wR2 4.2
Flack parameter 0.026(7)

Cell content: Zn3(Mn,Mg)25(Fe
3+Al)(As3+O3)2[Si7As

5+
3 O40](OH)16

R1 = S(|Fo| � |Fc|)/S|Fo|
wR2 = [Sw(F2

o � F2
c)2/Sw(F

2
o)
2]�, w = 1/[s2(F2

o) + (0.0105 P)2 + 19.89 P]
where P = (max(F2

o,0) + 2F2
c)/3
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orthorhombic cell is compatible with the X-ray

intensity data (Table 2). Systematic absences are

consistent with the space groups Cmmm, C222 and

Cmm2. There were numerous weak to moderate

intensity (up to 10s) reflections (00l with l = odd)

that seemed to eliminate C2221 as a possible space

group. Moreover, the E statistic of 0.875 for the

data falls midway between the ideal values of

0.968 (centric) and 0.736 (acentric). Structure

solutions were tried in all four of the above

orthorhombic space groups without success. A

brute force direct-methods approach in space group

C1 ultimately gave the kraisslite structural

arrangement. The complete C1 structure was then

evaluated on a site-by-site basis (refined electron

scattering, cation coordination, bond lengths), and

equivalent sites were grouped accordingly. These

equivalent site groupings were then input into the

MISSYM program (Le Page, 1988) and symmetry

elements compatible with the space group C2221
were identified by the program. The asymmetric

unit of the structure (for C2221) was then

constructed and an origin shift applied to the

coordinates (so as to place the origin at 2121).

Successful subsequent structure-refinement in

C2221 seemed to confirm that C2221 is the

correct space group, in spite of the observed (00l,

l = odd) reflections violating the extinction

conditions of the 21 screw axis along [001]. We

then returned to the raw data frames and

constructed oriented precession slices to evaluate

the significance of these apparent violating

reflections. We saw no clear evidence of any

(00l, l = odd) reflections on these precession slices,

and conclude that C2221 is the correct space group

for the kraisslite crystal studied; presumably the

intensities violating the (00l, l = even) condition

are due to double diffraction. The final refinement

included positional parameters for all atoms,

anisotropic-displacement parameters for all non-H

atoms, isotropic-displacement parameters for all H

atoms, variable site scattering at the cation sites,

TABLE 2. Cell and Rint values for different Laue symmetries and cell orientations.

Symmetry Transformation a b c a b g Rint (%)

Hexagonal-P [��0 1̄00 001] 8.192 8.182 43.910 90.00 90.00 119.96 41.1
Orthorhombic-C [100 010 001] 8.182 14.195 43.910 90.00 90.00 90.00 2.6
Orthorhombic-C [��̄0 �̄̃�0 001] 8.192 14.178 43.910 90.00 90.00 90.08 33.3
Orthorhombic-C [��0 �̄̄̃�0 001] 8.192 14.178 43.910 90.00 90.00 89.92 33.2

TABLE 3. Chemical formula and unit formula for kraisslite.

Constituent Dunn and Nelen
(1980)

This work,
mean (wt.%)

— Cations (p.f.u) —

As2O3 6.69 6.18 As3+ 2.00
As2O5 10.35 10.86(31)
SiO2 12.9 13.39(14) As5+ 3.03
MnO 52.0 51.14(33) Si 7.13
ZnO 8.6 7.39(19) 10.16
Fe2O3 2.0 2.06(10)
MgO 2.6 2.13(3) Mn2+ 23.07
Al2O3 0.2 0.25(3) Zn 2.91
CaO � 0.05(1) Mg 1.69
H2O 3.68* 4.50 Ca 0.03
Total 99.02 97.95 Fe3+ 0.83

Al 0.16
28.69

* H2O value from Moore and Ito (1978).

THE CRYSTAL STRUCTURE OF KRAISSLITE

2821



T
A
B
L
E
4
.
A
to
m

co
o
rd
in
at
es

an
d
d
is
p
la
ce
m
en
t
p
ar
am

et
er
s
(Å
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and all H-atoms were constrained to be 0.98 Å

from their donor anions. The Flack parameter

refined to 0.026(7), indicating that the structure

model has the correct absolute configuration. The

refinement converged to a final R1 index of 1.68%

for 7432 observed (|Fo| > 4s|F|) reflections and

1.70% for all 7496 data; this very small

discrepancy index is a further testament to the

surprising crystal quality for a mineral belonging to

the family of complex layered mcgovernite-like

minerals. Refined atom coordinates and aniso-

tropic-displacement parameters are listed in

Table 4, selected interatomic distances are given

in Table 5, refined site-scattering values

(Hawthorne et al., 1995) and assigned site

populations are given in Table 6, and bond

valences, calculated with the parameters of

Brown and Altermatt (1985), are given in Table 7.

Electron microprobe analysis

After the structure refinement was completed, the

kraisslite crystal was removed from the glass fibre

and immersed in epoxy, polished and carbon

coated for subsequent chemical analysis by

electron microprobe. It was analysed using a

Cameca SX-100 electron microprobe operating in

wavelength-dispersive mode with an accelerating

voltage of 15 kV, a specimen current of 20 nA and

a beam size of 5 mm. The following standards were

used: forsterite (Mg), andalusite (Al), cobaltite

(As), diopside (Ca, Si), spessartine (Mn), gahnite

(Zn) and fayalite (Fe), and the data were reduced

using the method of Pouchou and Pichoir (1985).

The chemical composition of the kraisslite crystal

(mean of 10 points) is given in Table 3. The unit

formula was calculated on the basis of 62 anions,

with (OH) = 16, As3+ = 2 and all Fe as Fe2O3. We

have also listed the chemical analysis of Dunn and

Nelen (1980) in Table 3 for comparison; the results

of the two studies are very similar. Our empirical

formula, Zn2.91(Mn23.07Mg1.69Ca0.03)S=24.79
(Fe3+0.83Al0.16)S=0.99(As

3+O3)2[(Si0.71As
5+
0.30)O4]10

(OH)16, leads to the simplified formula,
[4]Zn3(Mn,Mg)25(Fe

3+,Al)(As3+O3)2[(Si,As5+)

O4]10(OH)16, in which five tetrahedrally coordi-

nated sites contain (Si7As
5+
3 ) a.p.f.u. (atoms per

formula unit) to maintain overall electroneutrality.

Cation coordination

The As3+ site

The As(1) site is coordinated by three O atoms to

one side of the As position, forming a triangularO
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pyramid with As(1)�O distances in the range

1.777�1.783 Å (Table 5); this stereochemistry is

typical of As3+ with a stereoactive lone pair of

electrons. The As(1) site is fully occupied by

As3+.

The T sites

There are five tetrahedrally coordinated T sites

with <T�O> distances from 1.635 to 1.692 Å

(Table 5) and refined site-scattering values

(Hawthorne et al., 1995) ranging from ~28 to 66

electrons per formula unit (e.p.f.u.) (Table 7).

Site-occupancy refinement at the T(1) site showed

full occupancy using the As scattering factor, and

in combination with the observed <T(1)�O>
distance of 1.692 Å indicates that the T(1) site is

fully occupied by As5+. Site-occupancy refinement

and observed <T�O> distances for the T(2) to

T(5) sites show that these sites are occupied

predominantly by Si. We attribute the excess

scattering (i.e. greater than 14 electrons per site) to

the presence of As5+ at these sites, and the Si and

As site-populations were assigned accordingly.

The aggregate assignment is in good agreement

with the Si and As5+ contents derived from

electron-microprobe analysis (cf. Tables 3 and 6)

The Zn sites

There are two additional tetrahedrally coordinated

sites (the Zn sites) with <Zn�O> distances of

1.995 and 1.996 Å, respectively. Both the Zn(1)

and Zn(2) sites show a slight deficiency in the

refined site scattering (i.e. less than 30 electrons

per site) relative to full occupancy by Zn. The

coordinating O atoms are each linked to three

cations and have a mean ionic radius of ~1.36 Å

(Shannon, 1976). The mean ionic radius of the

Zn(1) and Zn(2) cation constituents is then

~0.64 Å (i.e. 2.00�1.36 = 0.64 Å). Shannon

(1976) gives the ionic radius of [4]Zn as 0.60 Å,

and those of the remaining possible constituents

are [4]Mn2+ = 0.66, [4]Al = 0.39, [4]Fe3+ = 0.49,

and [4]Mg = 0.57 Å; only [4]Mn2+ is larger than
[4]Zn. Although Mn2+ is a large cation, it has been

found in tetrahedral coordination in minerals, e.g.

in akatoreite (Burns and Hawthorne, 1993). We

therefore assume a simple binary occupancy of

the Zn(1) and Zn(2) sites by Zn and Mn2+ and

have assigned Zn and Mn2+ to each site as

indicated by the refined site scattering (Table 6).

Both Zn sites are dominated by Zn, with 25% and

28.5% [4]Mn2+ at Zn(1) and Zn(2), respectively.

The M sites

There are thirteen M sites, octahedrally coordi-

nated by a combination of O atoms and (OH)

groups. Twelve M sites have <M�O> distances

in the range 2.197�2.284 Å; the <M(13)�O>
distance is shorter: 2.083 Å (Table 5). The lower

refined scattering at the M(13) site, in combina-

tion with the shorter <M(13)�O> distance,

suggests that smaller and lighter octahedrally

coordinated cations order at M(13). We therefore

assigned all of the smaller octahedrally coordi-

nated cations (i.e. Fe3+ = 0.645, Al = 0.535 Å) to

the M(13) site, and partitioned the Mn2+ and Mg

content such that the site is full and the assigned

electron total is in accord with the observed site

scattering (Table 6). This strategy results in an

M(13) site that is dominated by Fe3+ and is 50%

occupied by trivalent cations. We note that the

four sites in the preliminary C1 structure model

(that correspond to the single M(13) site in the

final C2221 model) all gave the same site-

scattering values and bond lengths, suggesting

that Mn2+, Mg, Al and Fe3+ are completely

disordered at the M(13) site in C2221. For the

M(1)�M(4) and M(10)�M(12) sites, the

observed <M�O> distances range from

2.224�2.284 Å and the refined site-scattering

values suggest full occupancy by Mn2+. For the

M(5)�M(9) sites, the observed <M�O>

distances range from 2.197�2.217 Å, and the

refined site-scattering values are all slightly

deficient relative to full occupancy by Mn. This

suggests that the M(5)�M(9) sites contain

significant amounts of lighter and smaller

cations relative to Mn2+. The octahedrally

coordinated cations available are Mn2+ (r =

0.83 Å), Zn (r = 0.74 Å) and Mg (r = 0.72 Å),

and partial occupancy by minor Zn and/or Mg

would reduce the mean aggregate radius relative

to complete occupancy by Mn2+. Zinc is a

slightly stronger X-ray scatterer than Mn, and

Mg has approximately half the X-ray scattering

power of Mn, and hence any Zn assigned to these

M(5)�M(9) sites must be accompanied by Mg

such that the aggregate electron count will sum

to less than 25 electrons per site. There is no

direct solution for three scattering species

distributed over several sites in a structure

(Hawthorne, 1983), and we have approximated

a solution to the site assignment over the

M(5)�M(9) sites by assuming that minor Zn

(remaining after Zn was assigned to the Zn sites)

is disordered over the M(5)�M(9) sites, and then

2826

M. A. COOPER AND F. C. HAWTHORNE



assigned Mn2+ and Mg such that the aggregate

electron count is in accord with the observed

scattering (in all cases, the assigned electron site

sums are slightly less than the respective

observed site scattering) (Table 6). In the

overall site assignment, there is extremely close

agreement between total refined site scattering

(980.3 e.p.f.u.) and the number of electrons

(978.5 e.p.f.u.) for the cations from the electron-

microprobe analysis (cf. Tables 3 and 6).

Mean bond lengths

Figure 1 shows the observed mean bond lengths

as a function of the aggregate constituent cation

radii for the seven tetrahedrally coordinated sites

and the thirteen octahedrally coordinated sites in

kraisslite, as well as for the three tetrahedrally and

fourteen octahedrally coordinated sites in the

structurally related mineral arakiite (Cooper and

Hawthorne, 1999). The relation shown in Fig. 1

has r2 = 0.99 and the slope of ~1.0, indicating

agreement with a simple hard-sphere model, and

supporting the assigned site occupancies in

Table 6 for kraisslite. The departure of the M(4)

andM(10) sites in kraisslite from the least-squares

line in Fig. 1 is related to the single unusually

long bonds in each octahedron (i.e. M(4)�O(7) =
2.546, M(10)�O(5) = 2.757 Å; Table 5).

The anion sites

Examination of the bond-valence table (Table 7)

shows that all anions bonded to triangular-

pyramidally or tetrahedrally coordinated cations

are O2�, i.e. their incident bond-valence sums

(excluding any contributions from H atoms; see S’
column in Table 7) exceed 1.7 vu (valence units).

All anions not bonded to triangular-pyramidally or

tetrahedrally coordinated cations have incident

bond-valence sums (excluding any contributions

from H atoms; see S’ column in Table 7) in the

range 0.96�1.16 vu, indicating that these anions

must be (OH)� groups. Hydrogen bonds were

assigned on the basis of local stereochemistry and

anion bond-valence requirements, and the resul-

tant arrangement of atoms accords with the

valence-sum rule (Brown, 2002).

TABLE 6. Refined site scattering (e.p.f.u.) and site assignments (a.p.f.u.) for kraisslite.

SREF* As3+ As5+ Si Zn Mn2+ Mg Fe3+ Al e�

As(1) 66 2.00 66
T(1) 66 2.00 66
T(2) 36.89(14) 0.47 1.53 36.9
T(3) 34.60(14) 0.35 1.65 34.6
T(4) 29.68(14) 0.09 1.91 29.7
T(5) 28.12(14) 0.01 1.99 28.2
Zn(1) 28.75(8) 0.75 0.25 28.8
Zn(2) 57.15(11) 1.43 0.57 57.2
M(1) 50 2.00 50
M(2) 50 2.00 50
M(3) 50 2.00 50
M(4) 50 2.00 50
M(5) 47.54(12) 0.15 1.57 0.28 47.1
M(6) 48.66(12) 0.15 1.66 0.19 48.3
M(7) 47.08(12) 0.15 1.54 0.31 46.7
M(8) 49.24(13) 0.15 1.70 0.15 48.8
M(9) 47.47(12) 0.15 1.57 0.28 47.1
M(10) 50 2.00 50
M(11) 50 2.00 50
M(12) 50 2.00 50
M(13) 43.10(11) 0.55 0.45 0.84 0.16 43.1

980.3 2.00 2.92 7.08 2.93 23.41 1.66 0.84 0.16 978.5

* Site-scattering values from structure refinement.
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FIG. 1. Variation in mean bond length with aggregate constituent ionic radius for the tetrahedrally and octahedrally

coordinated sites in kraisslite (shaded circles) and arakiite (red crosses).



FIG. 2. Polyhedron layer (m = 0) in kraisslite projected down [001]; Zn-dominant Zn(1,2) tetrahedra are yellow; Si-

dominant T(2) tetrahedron are blue; numbers identify site-specific cations; black corners mark unit-cell boundaries.

FIG. 3. Polyhedron layer (m = 1) in kraisslite projected down [001]; Mn-dominant M(2), M(3) and M(12) octahedra

are pink; Si-dominant T(3) tetrahedron is blue; H atoms are black circles; hydrogen bonds are dashed lines; black

corners mark unit-cell boundaries.
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Structure topology

We have recently discovered two new minerals in

the mcgovernite family, and also have to publish a

description of the crystal structure of mcgovernite

itself. When this additional information is

available, we will consider the general

crystal-chemistry and structure topology of this

family in detail. Herein we confine ourselves to a

description of the structure of kraisslite.

The kraisslite structure is based on five distinct

layers of polyhedra stacked along the c axis; these

layers are labelled m = 0 to m = 4. The m = 0 layer

consists of tetrahedra that share vertices to form

twelve-membered rings of alternating Zn and T(2)

tetrahedra (Fig. 2). Within a given ring, the T(2)

tetrahedra alternately point up and down, and the

Zn tetrahedra alternately project inward and

outward. The result is that the Zn cations of m =

0 layer lie at the vertices of a 123 plane net. The m

= 1 layer consists of trimers of edge-sharing

octahedra [M(2)�M(3)�M12)] that share vertices

with T(3) tetrahedra that all point in the same

direction (Fig. 3). Additional linkage between these

trimers occurs via hydrogen bonding. The m = 2

layer also contains a trimer of edge-sharing

octahedra [M(5)�M(7)�M(9)] that similarly link

via T(4) tetrahedra that all point in the same

direction (Fig. 4). An additional octahedron

[M(13)] occurs at the junction of three

[M(5)�M(7)�M(9)] trimers, sharing edges with

octahedra of each trimer. The M(13) octahedron is

coordinated by six (OH) groups and occupied by

50% divalent and 50% trivalent cations (Tables 5

and 6). The m = 3 layer contains an

[M(1)�M(4)�M(11)] trimer of octahedra and the

T(5) tetrahedron, and has the same general topology

as the m = 1 layer. However, the OD�OA relations

FIG. 4. Polyhedron layer (m = 2) in kraisslite projected down [001]; Mn-dominantM(5),M(7) andM(9) octahedra are

pink; Fe3+(Al)-bearingM(13) octahedron is green; Si-dominant T(4) tetrahedron is blue; black corners mark unit-cell

boundaries.
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and associated hydrogen-bond directions are

reversed (cf. Figs 3 and 5). The m = 4 layer

contains trimers [M(6)�M(8)�M(10)] of edge-

sharing octahedra that connect via (1) As3+�O
linkages, (2) edge and vertex sharing with T(1)

tetrahedra, and (3) hydrogen bonding (Fig. 6). The

five layers of polyhedra (m = 0 to 4) stack along

[001] with a reversal in the sequence about the

twofold axis at z = � (Fig. 7), �, �̄̆ and 1.

Kraisslite belongs to the mcgovernite family of

arseno-silicates. Mcgovernite has the space group

R3̄c (Wuensch, 1960) and kraisslite was origin-

ally thought to possess the space group P6322

(Moore and Ito, 1978). Pseudo-threefold

symmetry is present in each of the individual

layers of polyhedra in kraisslite (Figs 2�6). This
approximate threefold symmetry is contiguous

through a single (m = 0 ? m = 4) packet of

polyhedron layers; the pseudo-threefold axis

passes through x & 0.61, y & 0.5 parallel to

[001] for the level z = 0��. However, the true

symmetry of kraisslite is C2221, and 21 screw

axes extend along [001] at the corners and

through the midpoints of the unit cell. In Figs 2

to 6, we see that the pseudo-threefold axes (lying

off the 21 screw axes) do not mutually coincide

along [001] as a function of the 21 screw

operation. Lateral offsets in the (001) plane of

the (m = 0 ? m = 4) packets in kraisslite offset

the pseudo-threefold axes of each individual

packet from each other. Thus these pseudo-

threefold axes do not correspond with each other

from one packet to another, and result in an

overall reduction in symmetry to C2221. It seems

likely that general stacking disorder has led to the

observed streaking parallel to [001] in the X-ray

diffraction pattern and the apparent hexagonal

symmetry in the initial study of Moore and Ito

(1978).

Cation order

In kraisslite, Zn preferentially orders at the Zn

tetrahedra of the m = 0 layer, where it is

disordered over the Zn(1) and Zn(2) sites, along

with subordinate Mn2+ (Table 6; Fig. 2). Arsenic

FIG. 5. Polyhedron layer (m = 3) in kraisslite projected down [001]; Mn-dominant M(1), M(4) and M(11) octahedra

are pink; Si-dominant T(5) tetrahedron is blue; H atoms are black circles; hydrogen bonds are dashed lines; black

corners mark unit-cell boundaries.
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preferentially orders onto the m = 4 layer (Fig. 6),

midway between successive m = 0 layers (Fig. 7),

as (1) As3+ in pyramidal coordination at the As(1)

site, and as (2) As5+ in tetrahedral coordination at

the T(1) site (Tables 5, 6). The m = 2 layer

(Fig. 7) occurs between the As-rich m = 4 layer

and the Zn-rich m = 0 layer, and contains the

octahedrally coordinated trivalent cations Fe3+

and Al at the M(13) site (Table 6; Fig. 4).

Magnesium in kraisslite occurs predominantly

within the m = 2 layer at the M(5), M(7) and M(9)

sites of the trimer of octahedra. The Si-dominant

tetrahedra T(2)�T(5) occur on the m = 0 through

m = 3 layers in the following order: T(2) at m = 0,

T(3) at m = 1, T(4) at m = 2 and T(5) at m = 3

(Figs 2�5). There is a progressive decrease in the

As5+ content of these Si-dominant tetrahedra from

T(2) to T(5) (Table 6).

Hydrogen bonds

The hydrogen-bonding environments associated

with H(1) and H(3)�H(7) are all similar in that

OD is tetrahedrally coordinated by three cations

and a H atom, and OA is coordinated by three

cations and also receives a single hydrogen bond

(Table 7). These H atoms are involved in

hydrogen bonding between neighbouring clusters

of octahedra in the m = 1 and m = 3 layers (Figs 3

and 5). The OD anion OH(2) is coordinated by

three cations in addition to the H(2) atom, and

also accepts a hydrogen bond from a neigh-

bouring H(2) atom belonging to an adjacent

OH(2) group (Fig. 6; Table 7). Both the OH(8)

and OH(9) anions are each coordinated by four

cations in addition to their respective H atoms

[H(8) and H(9)]. The H(8) atom projects into a

FIG. 6. Polyhedron layer (m = 4) in kraisslite projected down [001]; Mn-dominant M(6), M(8) and M(10) octahedra

are pink; As3+-bearing As(1) site are orange circles; As5+-bearing T(1) tetrahedron is orange; H atoms are black

circles; hydrogen bonds are dashed lines; black corners mark unit-cell boundaries.
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void between two opposing (As3+O3) pyramids,

and seems to be a terminal H atom for which there

is no suitable acceptor anion. The O(2), O(4) and

O(5) anions are <3.2 Å from H(8), which on its

own does not preclude weak hydrogen bonding

(Brown, 1977). However, the OD�H(8)�OA

angles of such hydrogen bonds would be <110º,

and would involve hydrogen bonding along edges

of coordination polyhedra, both unrealistic condi-

tions for hydrogen bonding. The anion OH(9) and

its associated H(9) atom lie along a twofold

rotation axis with two OA anions [O(5) and O(5)’],
suggesting a bifurcated hydrogen bond from H(9)

to two equidistant O(5) acceptor anions. The

OH(9)�H(9)_O(5) arrangement subtends an

edge [OH(9)�O(5)] of the M(10) octahedron;

however, M(10)�O(5) is very long (Tables 5 and

7), suggesting that such a hydrogen bond is

feasible.

X-ray powder diffraction pattern

The published powder-diffraction pattern for

kraisslite lists only data for reflections of type

0 0 l (Moore and Ito, 1978). We have changed the

symmetry and cell of kraisslite relative to

previous work, and give a simulated powder-

diffraction pattern obtained by collapsing the

single-crystal diffraction data into two dimen-

sions; reflections at low 2y values are not present

as they were obscured by the beam stop, and a

large number of weak reflections (I < 5) have been

omitted (Table 8). Comparison with the pattern of

Moore and Ito (1978) shows that the accord

FIG. 7. Stacking of polyhedron layers (m = 0 through m = 4) along [001] in kraisslite, projected down [100]; twofold

rotation axis at z = � is shown by black arrows. The As3+-bearing As(1) sites are orange circles; As5+-bearing

tetrahedra are orange; Fe3+(Al)-bearing octahedra are green; Mn-dominant octahedra are pink; Si-dominant

tetrahedra are blue; Zn-dominant tetrahedra are yellow; H atoms are black circles; black corners mark unit-cell

boundaries.
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between d-values is almost exact [c = 43.88,

Moore and Ito (1978); c = 43.9103, this work].

However, there is no correspondence between

reflection intensities. In the experimental pattern,

there is major enhancement of the (0 0 l)

reflections, presumably due to preferred orienta-

tion caused by the platy nature of kraisslite.
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TABLE 8. Simulated X-ray powder-diffraction data (l = 1.54178 Å) for kraisslite.

I d (Å) h k l d (Å), I* I d (Å) h k l d (Å), I*

2 7.318 0 0 6 7.266, 1 8 2.440 0 0 18 2.437, 55
10 4.391 0 0 10 4.385, 45 13 2.410 1 5 8
7 4.342 0 2 8 15 2.407 3 1 8
6 4.340 1 1 8 11 2.366 0 6 0
21 4.096 1 3 0 13 2.363 3 3 0
5 4.073 2 0 1 8 2.360 3 3 1
8 3.944 1 3 3 37 2.350 1 5 9
5 3.940 2 0 3 35 2.349 2 4 9
6 3.838 1 3 4 28 2.348 3 1 9
6 3.834 2 0 4 8 2.288 2 4 10
6 3.659 0 0 12 3.651, 35 8 2.196 0 0 20 2.194, 55
7 3.479 0 2 11 7 2.185 1 3 17
8 3.478 1 1 11 5 2.184 2 0 17
5 3.430 1 3 7 5 2.081 3 3 10
6 3.427 2 0 7 7 1.861 1 5 17
19 3.283 1 3 8 8 1.859 3 1 17
24 3.280 2 0 8 5 1.805 1 5 18
6 3.252 1 1 12 27 1.804 2 4 18
32 3.137 1 3 9 5 1.804 3 1 18
3 3.136 0 0 14 3.130, 20 23 1.751 1 5 19
6 3.135 2 0 9 5 1.750 2 4 19
9 3.086 2 2 7 20 1.750 3 1 19
87 2.995 1 3 10 2.993, 2 5 1.699 2 4 20
42 2.993 2 0 10 5 1.697 3 3 18
8 2.980 0 4 8 7 1.652 3 3 19
9 2.978 2 2 8 7 1.649 1 5 21
100 2.868 2 2 9 8 1.648 3 1 21
5 2.859 1 3 11 6 1.643 4 4 10
35 2.760 0 4 10 11 1.549 1 9 0
10 2.744 0 0 16 2.740, 100 8 1.548 1 9 1
11 2.729 1 3 12 18 1.547 4 6 0
19 2.681 2 4 0 6 1.547 5 3 0
19 2.677 1 5 1 11 1.546 5 3 1
22 2.673 3 1 1 10 1.544 2 8 9
6 2.650 2 2 11 10 1.544 3 7 9
5 2.638 1 5 3 6 1.544 4 6 2
7 2.466 1 5 7 13 1.542 5 1 9
6 2.465 2 4 7 5 1.512 1 3 27
5 2.463 3 1 7 5 1.465 1 3 28 1.460, 1

* The d (Å) and I values are taken from Moore and Araki (1978).
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