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MINERALOGY

The Crystal Structure of Vyalsovite FeCaAlS(OH)s: First Example
of the Commensurate Combination of Iron Sulfide and Hydroxide Layers
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Abstract—Using selected aeria difraction and X-ray powder data, a structural model was constructed for the
rare mineral vyalsovite FeCaAIS(OH)s. Parameters of the elementary monoclinic cell a 5.205, b 21.402,
c 14.400 A, B 95°, sp. gr. C,,. The crystal structure of vyalsovite is the first example of a hybrid structure com-
posed of commensurate iron sulfide and hydroxide modules.
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INTRODUCTION

In nature there are minerals consisting of mod-
ules with different compositions and structures
(e.g., sulfide and hydroxide layers); therefore, such
structures are commonly referred to as modulated
[1]. This class of crystal structures includes the
structures of valleriite (Fe?",Cu),(Mg,Al);S,(OH);,

tochilinite Fegfé (Mg,Fe?")sSc(OH),,, ferrotochilin-

ite Fe?(Fe”,Mg)SSé(OH),O, and some inorganic
compounds [2—4]. Since Fe atoms of most sulfides
are arranged in tetrahedral coordination, the sulfide
and hydroxide components are characterized by non-
commensurate sublattices, which is reflected in the
complex X-ray powder patterns with overlapping
reflexes and microdiffraction images with the sets of
reflections corresponding to the various commensu-
rate sublattices.

We describe the first example of the modulated
crystal structure consisting of commensurate sulfide
and hydroxide modules, which was revealed for
vyalsovite FeCaAIS(OH)s.

This mineral was discovered in 1989; its crystal
structure was assumed to combine its components,
such as AI(OH);, Ca(OH),, and FeS [5]. It was named
after L.N. Vyal’sov, an eminent specialist in reflected
light optics, who studied the unique optical properties
of this mineral.
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Vyalsovite is an extremely rare hydrosulfide, which
has been known until recently only at the place where
it was found for the first time at the Komsomolsk Cu—
Ni—PGE deposit in the Norilsk region. The mineral
was discovered as assemblages and veins of very fine
grains from 5—10 to 100—150 wm in size in forsterite
skarns in the lower contact zone of the Talnakh gab-
bro-dolerite intrusion and Devonian dolomites. It is
closely associated with the spinel assemblages and is
formed together with valleriite, diaspore, djerfisherite,
serpentinite, and magnetite, replacing chalcopyrite,
forsterite, and spinel [5]. The discoverers [5] presented
the results of energy-dispersive analysis, X-ray powder
diffraction, and transmission electron microscopy
(including microdiffraction), which serve as the basis
for deriving its formula FeCaAIS(OH)s and the unit
cell parameters: a = 14.20, b=20.98, and ¢ = 5.496 A.

The crystal structure of this mineral remained
unknown since material suitable for its study could not
be found. Due to new studies of the mineral from a
typical sample kept at the Institute of Geology of Ore
Deposits, Petrography, Mineralogy, and Geochemis-
try, Russian Academy of Sciences (Moscow), by pre-
cision methods, a model for the vyalsovite crystal
structure was developed based on the octahedral coor-
dination of constituent atoms.

MATERIALS AND METHODS

X-ray (Siemens D-500 X-ray powder diffractome-
ter (CuKo-radiation, scanning interval of 2°—70°
20)), electron-microscopic (Philips CM12 transmis-
sion electron microscope (TEM) with an EDAX 9800
attachment), and simultaneous-thermal (STA)
(Netzsch 449 F1 Jupiter STA instrument) analyses
were used. To refine the crystal structure, we
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Table 1. Experimental and calculated values of intensities
and d-spacings d(hkl) for the X-ray powder pattern of
vyalsovite

1 (exp) | I (calc) | d (exp) d (calc) hkl
58 50 10.65 10.70 020
100 100 5.40 5.35 040
8 8 3.389 3.400 024
5 4 3.000 3.063 157
10 10 2.910 |2.978, 2.9362 152
10 7 2.688 2.675 080
20 16 2.500 | 2.528,2.507 | a1 172
15 15 2.302 2.3331 204
15 10 2.260 2.264 173
40 30 2.150 | 2.148, 2.144 224 084
20 20 1.978 1.983 224
15 12 1.886 | 1.880, 1.871 156, 264
20 18 1.850 | 1.859,1.840 | 280,0.10.4
18 15 1.781 1.790, 1.783 0.12.0
10 10 1.715 1.700 157
10 6 1.675 1.678 330
10 6 1.595 1.591 352
10 7 1.525 1.531, 1.528 2]01 0.14.0
5 1.485 | 1.489, 1.480 217
5 1.405 1.400 391
5 1.345 1.343 316

employed a theoretical method for modeling using the
ATOMS and CARINE software that enabled us to
control the interatimic distances in the different coor-
dination environments around cations and to estimate
the diffraction characteristics (the data of X-ray pow-
der patterns and microdiffraction images) corre-
sponding to the different models.

RESULTS

According to the data of the X-ray powder pattern
(Table 1) and the microdiffraction image (Fig. 1), we
determined a C-centered monoclinic unit cell with
parameters a = 5.205, b = 21.402, c = 14.400 A, B =
95°, Z = 8, d(calc) = 2.00. Space group Clml was
selected by the character of distribution of the reflex
intensity along the series of 4k0.

These values are similar to the values in [5], being dif-
ferent, however, in the selection of axes. The C-centered
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orthorhombic crystal system proposed [5] does not
correspond to the microdiffraction image in Fig. 1,
which suits the requirement # + k = 2n and clearly
demonstrates an excess by nearly four times of d(020)
(~20 A) compared to d(200) (~5 A).

The X-ray powder pattern shows a good agreement
between the experimental and theoretical values of
interplanar spacings d(hkl) and the intensities of
reflexes (Table 1). Some disagreements with the data
of the X-ray powder pattern presented in [5] are
caused by the different conditions of imaging: a Gan-
dolfi camera and an approximate evaluation of the
reflex intensities using calibration marks. The intensi-
ties of reflections in the microdiffraction image also
agree well with the theoretical data, in particular, the
reflection intensity (040) clearly exceeds the reflection
intensity (020) by a factor of two.

The presence of a brucite component and a
hydroxyl group in the mineral is confirmed by the
thermal studies. The endothermal effect with the max-
imum at 7 = 324°C points to the destruction of
brucite-like layers in the mineral. The endothermal
effect in the temperature range of 400—500°C indi-
cates the removal of Ca-related hydroxyl groups. Their
loss upon heating was 18.4 wt %, which is close to the
theoretical value of 18.77 wt % calculated using the
chemical formula.

DISCUSSION

All components, AI(OH);, Ca(OH),, and FeS con-
stituting vyalsovite are known as minerals distributed
differently in the natural environment. Among them
Al(OH); corresponds to the formula of gibbsite, the
main ore-forming mineral of bauxites, being the
weathering products of aluminosilicate rocks. The
component Ca(OH), is the formula of rare portland-
ite, which occurs in all types of geological settings both
as spheroidal precipitates composed of finely dis-
persed crystallites and as small perfect crystals. The
first find of portlandite is confined to metamorphosed
calcium-silicate rocks [6]. Portlandite was also found
in the fumarole sediments in the Vesuvius area [7] and
in the sedimentary rocks of Jebel-Avke massif, Oman
[8]. In the Chelyabinsk coal basin, portlandite is
formed during the spontaneous combustion of coal
seams [9]. A synthetic analog of portlandite Ca(OH),
is a base for the cement component due to the ten-
dency towards rapid decomposition with water loss
and the transition to CaO oxide, which is strong and
resistant to different impacts. Finally, the FeS compo-
nent is known as a rare mineral troilite, discovered in
association with olivine, chromite, graphite, and a
series of phosphate minerals in several meteorites that
originated from the Moon or Mars [10]. However, one
of the recent findings of troilite was in the Chelyabinsk
meteorite that fell into Chebarkul Lake (Chelyabinsk
oblast) in February 2013 [11]. Troilite is considered to
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Fig. 1. Microdiffraction image (similar to Fig. 5 from [5] with
corrected indices of reflexes) demonstrating the C-centered
lattice along the (001) plane.

be an important component of lunar soil. Troilite was
discovered in the Rustenburg Pt deposit in close asso-
ciation with the Pt—Fe alloy, pyrrhotine, secondary
hydrous silicates, magnetite, and calcite [12]. The
close intergrowths of troilite with hexagonal and
monoclinic modifications of pyrrhotine were
recorded in serpentine rocks from the Hannover
deposit, New Mexico [13].

The crystal structures of these minerals contain
layers built of octahedra linked by edges in gibbsite and
portlandite and by faces in troilite. The gibbsite struc-
ture [14] is formed of single octahedral layers, in which
octahedra are occupied by AI’* cations only by 2/3
(so-called dioctahedral layers). The crystal structure
of portlandite [15] consists of single octahedral layers
and is identical to such of brusite. The weak van-der-
Waals bonds between the layers determine the finely
dispersed character of the precipitation of these min-
erals.

In contrast to the structures of gibbsite and port-
landite, the structure of troilite is composed of more
dense octahedral layers, in which octahedra are linked
not by edges but by faces, which leads to structural
instability as a result of strong repulsion of Fe?* cations
through the common edges of the octahedra. In the
crystal structure of troilite from the lunar soil [16], the
Fe—S interatomic distances differ considerably from
2.36 to 2.72 A. In the structure of synthetic FeS [17],
the octahedra around Fe atoms are regular, and all the
Fe—S distances are equal to 2.49 A.

A favorable factor for the construction of the
vyalsovite structural model was the octahedral coordi-
nation of all atoms comprising the crystal structure.
This made it possible to arrange the octahedral layers
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Fig. 2. Model of the vyalsovite crystal structure.

parallel to the (010) plane with alteration of sulfide and
hydroxide layers along the longest translation of 5. The
ordered alteration of the octahedral layers of FeS,
Ca(OH),, and Al(OH); could be the most likely crys-
tal-chemical model; however, the symmetry Cm that
implies the translation of x + 1/2, y + 1/2, does not
allow placing two hydroxide layers between the sulfide
layers.

Therefore, we proposed a model with one hydroxide
layer, consisting of alternating octahedra settled orderly by
Ca?" and AIP" cations (Fig. 2). Such an ordered arrange-
ment of the cations with different charges is known in the
structures of some titanosilicates: in bornemanite
BaNa,{(Na,Ti),[(Ti,Nb),0,Si,0,,](F,OH),}PO, [18]
and lomonosovite Na,,Ti,(Nb,Fe,Ti),(Si,0,),(P0O,),0,
[19], Na* and Ti** cations alternate in an orderly man-
ner in the octahedral layers (in lomonosovite, the Ti**
cation is partially replaced by the Nb>* cation). In the
structure of nafertistite (Na,K),(Fe**,Fe’*,Mg),,[Ti, (Si,
Fe**,Al),05,](OH,0), [20], octahedra are occupied

in an orderly way by Ti*" and (Fe?* and Mn?") cations.

FeS sulfide is a rare example of iron sulfide with
octahedral coordination of Fe (Fig. 3); therefore, we
suggest a structure of alternating octahedral layers for
the mineral vyalsovite.

The Fe—S interatomic distances in the sulfide lay-
ersare 2.13—2.62 A. In the hydroxide layers, the AI-O
Vol. 503
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Fig. 3. FeS layer in the crystal structure of vyalsovite (pro-
jections on the (010) plane).

distances are slightly shorter than the Ca—O distances
(2.06—2.28 A and 2.32—2.51 A, respectively). Due to
the strong repulsion of Ca?* and AI** cations, the
divided octahedral edges are much shorter than the
unseparated edges (a similar effect was observed in the
structures of other minerals containing octahedral lay-
ers, e.g., in the structures of clay minerals). The S—
OH interlayer contacts lie within 2.00—2.30 A, which
corresponds to the weak hydrogen bonds. The layered
character of the structure and the weak interlayer
interaction determine a finely dispersed character of
vyalsovite precipitations and perfect cleavage on (010).

CONCLUSIONS

The crystal structure of natural hydrosulfide,
vyalsovite FeCaAlIS(OH);, composed of commensu-
rate sulfide layers with octahedral coordination of Fe
and hydroxide modules with one hydroxide layer, con-
sisting of alternating octahedra, settled in an orderly
manner by Ca>" and AI*" cations, was revealed for the
first time.
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