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ABSTRACT

The crystal structure of (Be,�)(V,Ti)3O6, a mineral discovered in the emerald deposit of Byrud, Norway, has been solved 
and refi ned to R1 = 4.51% for 1413 unique refl ections. The structure is orthorhombic, Pnma, with lattice parameters a 9.982(1), 
b 8.502(1), c 4.5480(6) Å, Z = 4, and isotypic with norbergite, Mg3SiO4F2. The empirical chemical formula, based on the elec-
tron-microprobe determination of elements heavier than oxygen, and beryllium tentatively calculated to give 1Be for O = 6, is 
Be(V3+

1.27Ti1.21Cr0.29Fe0.08Al0.07)�2.92O6. The presence of Be was verifi ed by the structure analysis and a SIMS analysis. The 
occupancy of the Be site was found to be 0.84(1), which largely explains the surplus of Ti in the empirical formula, as compared 
to the stoichiometric formula BeV2TiO6. However, there is no evidence for ordering of V and Ti on two unique octahedral sites 
of the structure. The amended empirical formula is (Be0.84�0.16)(V3+

1.32Ti1.25Cr0.29Fe0.09Al0.07)�2.02O6. The appearance of the 
mineral, the dominance of V and Ti in its composition, and the X-ray powder-diffraction data correspond to those described 
originally for kyzylkumite, supposed to be V2Ti3O9. The crystal-lattice parameters found earlier for kyzylkumite can be explained 
as based on an 8� supercell obtained on a {210} refl ection twin. This type of twinning is characteristic for the Byrud mineral, 
and is present in the crystal used for the structure determination. These facts suggest that the same type of oxide of Be, V and 
Ti found at Byrud is also the main constituent of material described as kyzylkumite, which probably also contains additional 
phases, and that a redefi nition of this mineral is needed.

Keywords: kyzylkumite, (Be,�)(V,Ti)3O6, norbergite isotype, leucophoenicite–humite series, crystal structure, twin, V–Ti–Be 
oxide, Byrud emerald deposit, Norway.

SOMMAIRE

Nous avons résolu et affi né la structure cristalline de (Be,�)(V,Ti)3O6, un minéral découvert dans le gisement d’émeraude de 
Byrud, en Norvège, jusqu’à un résidu R1 de 4.51% en utilisant 1413 réfl exions uniques. La structure est orthorhombique, Pnma, 
avec les paramètres réticulaires a 9.982(1), b 8.502(1), c 4.5480(6) Å, Z = 4, et isotypique de celle de la norbergite, Mg3SiO4F2. 
La formule chimique empirique, fondée sur une détermination de la teneur en éléments plus lourds que l’oxygène, et le béryllium 
provisoirement fi xé à un atome de Be pour six d’oxygène, serait Be(V3+

1.27Ti1.21Cr0.29Fe0.08Al0.07)�2.92O6. La présence de Be a été 
vérifi ée au cours de la détermination de la structure et par analyse avec une microsonde ionique (SIMS). Le taux d’occupation du 
site Be serait 0.84(1), ce qui rend largement compte de l’excédent de Ti dans la formule empirique, en comparaison de la formule 
stoechiométrique BeV2TiO6. Toutefois, il n’y a aucune signe de mise en ordre de V et de Ti aux deux sites octaédriques uniques 
dans cette structure. La formule empirique corrigée serait (Be0.84�0.16)(V3+

1.32Ti1.25Cr0.29Fe0.09Al0.07)�2.02O6. L’apparence du 
minéral, la dominance de V et Ti dans sa formule, et les données de diffraction X (méthode des poudres) correspondent à ce qui a 
été antérieurement proposé pour la kyzylkumite, supposée être V2Ti3O9. Les paramètres réticulaires proposés pour la kyzylkumite 
témoignent d’une supermaille 8�, résultat d’une macle par réfl exion sur {210}. Ce genre de macle est aussi caractéristique de 
notre minéral de Byrud, et il est aussi présent dans le cristal utilisé pour établir la structure. Ces faits font penser que la même 
sorte d’oxyde de Be, V et Ti découverte à Byrud est le composant principal du matériau décrit comme kyzylkumite, qui contient 
probablement des phases additionnelles. Il semble évident qu’une redéfi nition de la kyzylkumite s’impose.

 (Traduit par la Rédaction)

Mots-clés: kyzylkumite, (Be,�)(V,Ti)3O6, isotype de norbergite, série leucophoenicite–humite, structure cristalline, macle, oxyde 
de V–Ti–Be, gisement d’émeraude de Byrud, Norvège.
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INTRODUCTION

Kyzylkumite was described as a new mineral from 
Kyzylkum in Uzbekistan by Smyslova et al. (1981). A 
more detailed locality was given by Pekov (1998) as 
the Koscheka uranium deposit, Auminzatau Mountains, 
central Kyzylkum region. The results of the electron-
microprobe analyses correspond closely to V2Ti3O9, 
i.e., it has a polymorphic relationship with schreyerite. 
The mineral occurs as black grains up to 0.2 mm across 
in albitized carbonaceous–siliceous rocks and quartz 
veins, associated with chlorite, pyrite and rutile. Laue 
and oscillation photographs gave a monoclinic cell 
with a 33.80(5), b 4.578(5), c 19.99(3) Å, � 93.40(5)º, 
Z = 18. The X-ray powder-diffraction pattern shows 
19 measured refl ections (the abstract in Am. Mineral. 
erroneously reports 23 refl ections by including four 
refl ections of schreyerite listed for comparison).

We have investigated a black mineral from the 
Byrud emerald mine, Akershus, Norway, which gives 
a powder pattern practically identical to that of kyzyl-
kumite. It contains the same elements as kyzylkumite: 
major Ti and V and minor Cr and Fe. However, the 
analytical total by electron-microprobe analysis is well 
below 100%. By single-crystal determination of the 
structure on a twinned crystal, the missing element was 
found to be Be. The crystal structure shows that Be 
plays a distinct role in the structure and is an essential 
constituent of the Byrud mineral. 

Our recent proposal to the IMA Commission on 
New Minerals and Mineral Names for a redefi nition of 
kyzylkumite was commented on by 13 of the commis-
sion members. Six members were in favor of a redefi ni-
tion and seven were against; four of the latter suggested 
that we describe the Byrud mineral as a new species. 
On the basis of these divergent opinions, we decided 
not to request a fi nal vote on the proposal. Here, we 
present a full chemical and structural characterization 
of the mineral from Byrud. 

BACKGROUND INFORMATION

For comparative purposes, it was essential to obtain 
a fragment of holotype kyzylkumite. Smyslova et al. 
(1981) stated that samples with grains of kyzylkumite 
are preserved in the Chernyshev Central Scientifi c-
Research Geological-Prospecting Museum, in St. 
Petersburg, with catalogue number 11885. Unfortu-
nately, our letter of 5 October 2004 to the museum has 
so far remained unanswered.

According to Pekov (1998), type material of kyzyl-
kumite is housed in the Mining Museum of St. Peters-
burg Mining Institute (catalogue number 1197/1) and in 
the Mineralogical Museum, St. Petersburg University 
(catalogue number 17408). We have been in contact 
with both institutions, but they have declined to send us 
material owing to the very small amounts available. 

Thus, although the whole idea of keeping type mate-
rial in professionally curated museums is to make mate-
rial available for study to bona fi de researchers, we have 
not been able to access samples this way, and our efforts 
to make a comparison of the Byrud mineral with the 
kyzylkumite type-material must remain incomplete. 

We have been referred to two people who might 
have material from the type locality. One of them, Dr. 
M.N. Murashko, has made some material claimed to 
originate from the authors of the kyzylkumite descrip-
tion available to us. The material consisted of nine 
polished mounts, containing two, three or four grains 
[which we have examined by electron-microprobe 
analysis in wavelength-dispersion (WDS) mode], and 
46 single grains [which we have examined by energy-
dispersion spectrometry (EDS) in a scanning electron 
microscope). These inhomogeneous, multiphase grains 
mainly consist of TiO2 (rutile?) with varying amounts of 
V, Fe and Ta. Grains of quartz, K-feldspar, apatite and 
pyrite also were detected. One polished mount that we 
received from Dr. Murashko (on loan from his collec-
tion) turned out to contain a grain chemically identical 
to another tiny, mounted grain of alleged kyzylkumite 
that we had previously purchased from mineral dealer 
S. Möckel (see under Chemical Data). 

THE BYRUD EMERALD DEPOSIT

The emerald deposit at Byrud, in Eidsvoll, Akershus, 
southern Norway, is located in the northeastern part 
of the Permian rift structure of the Oslo Region. It 
was discovered in the 1860s and mined in the period 
1899–1909 by an English company. The emerald miner-
alization is connected to syenitic pegmatites transecting 
Cambrian black shales and sills of Permian maenaite (a 
calcic bostonite). Vanadium is the main chromophore in 
the emerald; the V2O3 content ranges from 0.88 to 1.53 
wt.%, whereas Cr2O3 ranges from 0.10 to 0.32 wt.% 
(Schwarz 1991). The elements V and Cr are considered 
to originate by the assimilation of black shale.

Close to 45 different minerals have been recorded 
from the Byrud deposit. Tiny, black grains are common 
as inclusions in feldspar and quartz. Most of them turn 
out to be tantalian and niobian rutile (“strüverite” – 
“ilmenorutile”). Also, V-rich TiO2 (rutile?) with varying 
amounts of Nb and Ta has been found, the V content, 
expressed as V2O3, varying from 6.01 to 9.41 wt.%. A 
balanced empirical formula requires that most of the 
vanadium be present in the tetravalent state. Some rare 
grains, also black and opaque, turned out to have an X-
ray powder-diffraction diagram nearly identical to that 
of kyzylkumite. Visually, they are not easily distinguish-
able from the rutile varieties. They occur as prismatic, 
needle- or lath-shaped crystals, rarely exceeding 1 mm 
in length. Polysynthetic twins cause striations in some 
crystals (Fig. 1). It should be noted that kyzylkumite 
also is described as showing twin striations along the 
axis of elongation (Smyslova et al. 1981).
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CHEMICAL DATA

The crystal fragment of the Byrud mineral used for 
structure determination, with a polished surface ca. 
0.2 � 0.1 mm, was analyzed with a Cameca SX100 
electron microprobe in WDS mode, operated at 15 kV 
and 10 nA, with a focused electron beam. Care was 
taken to avoid interferences involving Ti, V and Cr. 
The following standards and peaks were used: Al2O3 
(AlK�), vanadinite (VK�), Cr2O3 (CrK�), Fe2O3 
(FeK�) and pyrophanite (TiK�). Substantial amounts 
of Be and trace amounts of Li were detected by SIMS 
analysis, but could not be quantifi ed owing to the lack 
of proper standards.

The mean result of six electron-microprobe analyses 
is given in Table 1. Here, BeO is, as a fi rst approxima-
tion, calculated to give one Be for O = 6. The resulting 
empirical formula, based on O = 6, is: Be1.00 (V3+

1.27
Ti1.21Cr0.29Fe0.08Al0.07)�2.92O6.00. Reducing Be to 0.84, 
in accordance with the result of the crystal-structure 
refinement, gives the following empirical formula: 
(Be0.84�0.16)(V3+

1.32Ti1.25Cr0.29Fe0.09Al0.07)�2.02O6.00.
The idealized formula of the mineral is Be2+V2

3+ 

Ti4+O6 (Balić-Žunić & Raade 2003). The observed 
discrepancy from the ideal formula (surplus of Ti) can 
to a large extent be explained by the vacancy at the 
tetrahedral Be site, that is, 2 VI(V,Cr,Fe)3+ + IVBe2+ 

= 2 VITi4+ + IV�. The presence of some ferrous iron, 
according to the substitution scheme Fe2+ + Ti4+ = 2V3+, 
could also contribute to the surplus of Ti, but only to a 
small degree owing to the limited amount of Fe present 
in the mineral.

The mean result of fi ve WDS analyses of a grain of 
alleged kyzylkumite that we purchased from S. Möckel 
also is given in Table 1 (a nearly identical result was 
obtained on the grain we received from Dr. Murashko). 
The analytical total is only 94.07 wt.%. It is important 
to note that an ion-microprobe (SIMS) analysis of this 
grain showed minor amounts of Be and traces of Li. 
The incomplete analytical results in Table 1 can be 
tentatively calculated on O = 24 to give the empir-
ical formula (V3+

3.58Cr0.25Fe0.19Al0.01)�4.03Ti8.98O24. 
However, a formula similar to that of the Byrud mineral 
can be written for this sample assuming suffi cient Be 
for the octahedral cations to total 3. This assumption 
gives a reasonable analytical total: BeO 4.70, Al2O3 
0.06, V2O3 24.71, Cr2O3 1.72, Fe2O3 1.37, TiO2 66.21, 
total 98.77 wt.%. The resulting empirical formula is 
Be0.47(Ti2.07V3+

0.82Cr0.06Fe0.04)�2.99O6.00.
We have not been able to demonstrate the presence 

of a mineral from Kyzylkum with the formula V2Ti3O9, 
corresponding to the original analytical data reported 
for kyzylkumite (included in Table 1). Differences in 
analytical data for the mineral from Byrud and the other 

FIG. 1. A polysynthetically twinned crystal of (Be,�)(V,Ti)3O6 from Byrud, embedded in 
quartz which is surrounded by K-feldspar. The original length was in excess of 1 mm. 
The picture shows the crystal after somewhat more than half of it had been sacrifi ced 
for X-ray powder diffractometry. Most of the remaining fragment shown in the picture 
was later used for crystal-structure determination and EMP analyses. Photo by O.T. 
Ljøstad.
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samples (especially as regards the proportions of Ti and 
trivalent elements) remain an unsolved problem. More 
light on this will only be shed by a renewed, detailed 
chemical and structural analysis of type kyzylkumite.

X-RAY POWDER-DIFFRACTION DATA

Owing to paucity of material, we have only a few 
weak X-ray powder-diffraction photographs of the 
Byrud mineral, obtained with a 9-cm Debye–Scherrer 
camera, using FeK� radiation. The strongest refl ections 
(d values in Å) occur at 4.15 (weak), 3.72 (medium), 
2.96 (strong), 2.57 (weak), 2.48 (very weak), 2.32 
(very weak), 2.17 (weak), 1.68 (strong, broad) and 
1.43 (weak). This pattern corresponds well with the one 
published for kyzylkumite by Smyslova et al. (1981). 

A calculated X-ray powder-diffraction pattern for the 
Byrud mineral, based on the present refi nement of its 
structure, is given in Table 2 and compared to the pattern 
published for kyzylkumite. The small discrepancies 
between the two powder patterns can be explained by 
contamination in the kyzylkumite pattern (extra refl ec-
tions at 2.115 and 1.650 Å). Unfortunately, we could not 
obtain X-ray powder-diffraction data on our analyzed 
sample of alleged kyzylkumite from Uzbekistan.

SOLUTION OF THE CRYSTAL STRUCTURE

A small, lath-like crystal with irregular boundaries, 
0.31 � 0.14 � 0.05 mm in size, was chosen for the 
structure determination. It was mounted on a Bruker 
AXS diffractometer with a four-circle goniometer and 
a SMART 1000 CCD detector. Further data on crystal 
and measurements are presented in Table 3.

The SMART software (Bruker AXS 1998) was used 
for the cell determination and data collection, and 
SAINT+ (Bruker AXS 2003a) for the multicomponent 
integration of intensities, Lorentz-polarization correc-
tion and calculation of the fi nal unit-cell parameters. 
For an empirical absorption-correction, the program 
TWINABS (Bruker AXS 2003b) was used. The complex 
appearance of the reciprocal lattice suggested a twin. 
Using the program GEMINI (Bruker AXS 1999), the 
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lattice dimensions and orientations of two orthorhombic 
twin components were found, with {210} as the twin 
plane. The program suggested a B-centered lattice in 
accordance with the strongest refl ections chosen for 
the lattice determination. An attempt at solving the 
structure using this lattice did not give a satisfactory 
result, because only the heaviest atoms (V and Ti) are 
arranged according to a B-centered lattice, whereas the 
full symmetry of the structure is based on an ortho-
rhombic P lattice. We then realized that the lattice 
parameters resemble very much those of norbergite; 
the space group of norbergite, Pnma, also was checked, 
and a number of weaker refl ections conforming to this 
space group were found. Structure solution in Pnma 
was straightforward, and confi rmed the isotypy with 
norbergite, ideally Mg3SiO4F2. 

The structure was solved by direct methods, using 
only the non-overlapping reflections of the main 
component of the twin. The positions of V, Ti and O 
could be determined among the main peaks of a sharp-
ened Fourier synthesis. An inspection of the structure 
model revealed the presence of a tetrahedrally coordi-
nated cation, and the peak in the Fo Fourier synthesis 
suggested it to have about four electrons. In this way, 
the presence of Be in the structure was recognized for 
the fi rst time and later confi rmed by SIMS. Initially, 
we had also anticipated the possible presence of Be as 
the missing element in the chemical analysis from the 
association with beryl.

In a subsequent refinement of the structure, all 
integrated reflections (both non-overlapping and 
overlapping) of the two twin components were used. 
For structure solution and refi nement, the programs 
SHELXS97 (Sheldrick 1997a) and SHELXL97 (Sheldrick 
1997b) were used. In the fi nal cycles of refi nement, 
all atoms were refi ned with anisotropic displacement 
factors. The refi ned proportions of the two twin compo-
nents are 62.9(1):37.1(1). 

Beryllium, which occupies the tetrahedral site, was 
refi ned with a free occupancy-parameter, whereas the 
scattering factor of the octahedrally coordinated cations 
was defi ned as a combination of V and Ti in propor-
tion 1:1. This is in accordance with the results of the 
chemical analysis, from which the average number 
of electrons for octahedrally coordinated cations was 
calculated to be 22.5. Moreover, a crystal-chemical 

analysis (see below) suggests that V and Ti, which 
dominate among the octahedral cations, are randomly 
distributed over two unique octahedral sites.

The largest residual electron-densities (2.06 e/Å3) 
were found at the center of the empty octahedra in the 
structure. They can be a consequence of the expected 
structural defects (see the following discussion).

The fi nal atom-parameters are presented in Table 4. 
The table of anisotropic atomic displacement-factors 
may be obtained from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Ontario K1A 0S2, Canada. 

DESCRIPTION OF THE CRYSTAL STRUCTURE

The crystal structure reveals that Be is an essential 
constituent, together with V and Ti, and that the mineral 
is isostructural with norbergite, Mg3SiO4F2. The previ-
ously determined lattice parameters of kyzylkumite 
(Smyslova et al. 1981), which gave a unit cell eight 
times larger, are obviously due to the unrecognized 
twinning that is common in this mineral, as described 
below.

The structure (Fig. 2) comprises one tetrahedrally 
coordinated and two independent, octahedrally coordi-
nated cation sites. In accordance with the bond distances 
and a low electron-density, the tetrahedral site hosts Be. 
The atomic displacement factor at this site is signifi -
cantly higher than for any other site in the structure, and 
it was therefore refi ned with a free occupancy-parameter 
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in the last stage. The results suggest 16(1)% vacancies 
at this site. If Be is replaced by a lighter element, the 
only candidate would be Li, which is known to occur in 
fourfold as well as in sixfold coordination with oxygen. 
The small quantities of Li registered by SIMS could 
well be incorporated in the tetrahedral site.

The tetrahedral confi guration of oxygen atoms is 
almost completely regular, shown by a low volume-
distortion (Table 5), whereas the central atom is 
moderately eccentric and moved toward the vertex 
along the [001] direction, forming one short (1.59 Å) 
and three long (1.70–1.71 Å) bonds. The size of the 
Be coordination is somewhat larger than the equivalent 
ones found in asbecasite (Sacerdoti et al. 1993) and 
odintsovite (Rastsvetaeva et al. 1995), which both have 
smaller volumes of tetrahedra (2.18–2.20 Å3, compared 
to 2.36 Å3 found in the present structure). The larger 
tetrahedron can be a consequence of vacancies at the 
Be site or some substitution by Li, but it is not far from 
the value of 2.30 Å3 calculated for the Be tetrahedron 
in BeO (Hazen & Finger 1986).

One of the octahedral sites occupies a special posi-
tion (Cs symmetry), whereas the other is at a general 
position. The coordination polyhedron of the former 
has a slightly larger volume (2%), as is characteristic 
for almost all other isostructural compounds with the 
exception of NbNi2BO6, where the opposite situation 
occurs (Table 6). In both octahedral coordination poly-

hedra, the central atom forms three shorter (1.93–1.96 
Å) and three longer (2.02–2.09 Å) bonds, because it 
is moved from the center toward one of the faces of 
the octahedron. The octahedra are almost regular, as 
indicated by high sphericities and low volume-distor-
tions, whereas the eccentricity of the central atom is 
moderate (Table 5).

It is diffi cult to conclude whether there is any site 
preference involving the octahedral cations in the Byrud 
mineral. Very small differences in the bond distances for 
the two octahedral sites, which both are in the ranges 
typical for V, Ti and Cr, suggest that these elements 
most probably are randomly distributed over the two 
sites. The majority of isostructural compounds have the 
same cation on both sites (Table 6). On the other hand, 
in an idealized formula, BeM 4+M2

3+O6, the proportions 
of M4+ and M3+ atoms correspond to the multiplicities 
of the fi rst and the second site, respectively, and it is 
tempting to assume a distribution of Ti4+ and (V,Cr)3+ in 
accordance with this fi nding. There are two factors that 
detract from such an inference. Consider fi rst the rela-
tive size of the two coordination polyhedra. It is true that 
in a series of the mixed-cation compounds (V,Ti)2O3 
(Rice & Robinson 1977) and (V,Cr)2O3 (Reid et al. 
1972), the pure V compound has an octahedron volume 
of 10.66 Å3, whereas VTiO3 has 10.93 Å3 and CrVO3 
has 10.50 Å3. Thus, replacement of V by Ti introduces 
a small increase in volume, whereas the replacement 

FIG. 2. Projection of the crystal structure of (Be,�)(V,Ti)3O6. The coordination tetrahedra of Be are yellow, coordination 
octahedra of (V,Ti) are blue (dark blue for site 1, greenish blue for site 2) . The orientation of the crystallographic axes and 
labels of atoms in one asymmetric unit are indicated.
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segments. At each kink, a tetrahedron connects the two 
parallel chains inside the same (001) layer. The chains 
from adjacent layers share edges of octahedra, and are 
displaced relative to each other by 1/2 [100] period, so 
that they exactly underlie the empty spaces between the 
parallel chains of the adjacent layer.

The Byrud mineral belongs to a structural family 
characterized by a modifi cation of the general rutile 
motif of straight chains of edge-sharing octahedra into 
zig-zag chains (Fig. 3). The periods of zig-zag chains, 
coupled with the intercalation of tetrahedra, are deter-
mined by the overall stoichiometry. The chains could 
be combinations of four-octahedron-long, three-octahe-
dron-long and two-octahedron-long segments, as repre-
sented in the leucophoenicite–humite merotypic series 
(Makovicky 1995). The common crystal-chemical 
feature of this family is the 1:2 ratio between the number 
of octahedrally coordinated cations and the number of 
anions. If the chemical formula is written as OaTbXc, 
where O, T and X represent the octahedrally coordinated 
cations, tetrahedrally coordinated cations and anions, 
respectively, the average number of octahedra in the 
segments of chains of octahedra can be expressed as 
N = a/b +1. The true isotypes of (Be,�)(V,Ti)3O6, 
with four-octahedron-long chain segments (Table 6), 
are characterized by very similar sizes of octahedra, 
whereas the ratio between the radius of octahedrally 
and tetrahedrally coordinated cations exhibits a large 
variation, suggesting that it is primarily the relation of 
the valences that determines the composition of this 
structure type, and not the relation of atom radii of 
tetrahedrally and octahedrally coordinated cations.

Rewriting the formula as (V,Cr)2BeO4•TiO2, and 
considering the structural similarities to norbergite, one 
could expect that with larger (V,Cr):Ti proportions, a 

of V by Cr produces a slight decrease. However, Ti in 
the Byrud mineral is expected to be tetravalent and not 
trivalent as in (V,Ti)2O3, and the octahedron volume for 
Ti in TiO2 with the rutile structure (9.89 Å3; Sugiyama 
& Takeuchi 1991) is smaller than the volume of the 
V3+–O octahedron. Therefore, if some order of cations 
occurs in the present structure, one would expect V, and 
not Ti, to concentrate in the larger octahedral site.

Consider next the relatively large deviation from 
an 1:2 ratio of Ti4+:M3+ in the structure. Lacking any 
further evidence for the order of octahedral cations, a 
1:1 proportion of V and Ti on both sites was used in the 
crystal-structure refi nement, which gives 22.5 electrons 
on average, in accordance with full occupancy of both 
sites and the proportion of cations (V1.30Ti1.24Cr0.30
Fe0.08Al0.08) calculated from the electron-microprobe 
data for three full octahedral sites per formula unit.

We conclude that a satisfactory refi nement of the 
structure was obtained assuming a disordered distri-
bution of octahedral cations, but it is not possible 
to give a defi nite answer on their distribution in the 
octahedral sites from the available X-ray-diffraction 
data because the scattering powers of Ti, V and Cr are 
very similar, as well as the sizes of their respective 
coordination-polyhedra.

The crystal structure is based on a close to hexagonal 
eutaxy of oxygen atoms, with cations occupying 1/2 of 
the available octahedral voids and 1/12 of the tetrahe-
dral voids, where equal numbers of tetrahedra pointing 
up and down are present (Fig. 3d). The eutactic layers 
are parallel to (001). Octahedra share edges and form 
kinked chains along [010]. The straight segments of 
chains comprise four octahedra, with the octahedra with 
Cs symmetry located on end positions, and the octahedra 
of the second type located at the two inner positions of 
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series of structures of the type nV2BeO4•TiO2 can exist, 
equivalent to those of the norbergite–clinohumite series 
[nMg2SiO4•Mg(F,OH)2]. Owing to a similarity in the 
sizes of coordination polyhedra of V, Nb, Ti, Fe3+, Ni, 
Mg and Mn2+ on one side, and those of Si and Be on the 
other, one could also expect solid solutions across the 
two series. However, because of difference in valences, 
more extensive solid-solutions would be conditioned 
by coupled substitutions involving both octahedral and 
tetrahedral sites, or substitution of F and OH for O at 
anion sites.

In the case of the Byrud mineral, a more interesting 
question is the structural consequence of a surplus of 
Ti over the ideal 1:2 M 4+:M3+ ratio. A close relation 
to the structure of tivanite (TiVO3OH, Grey & Nickel 
1981) can give us some clues. As can be seen in Figure 
3e, the crystal structure of tivanite is directly related to 
the structural family previously described. The chains 
of octahedra are formed by an alternation of segments 
two and four octahedra long, but there are no tetrahe-
drally coordinated cations. One of the oxygen sites (the 
one shared by three octahedra from the same chain) 
is occupied by the OH group. Although Ti and V are 
described as being ordered between the two indepen-
dent octahedral sites in the original description of the 
structure, there is no proof for this claim, because the 
situation as regards the coordination sizes is very similar 
to that in (Be,�)(V,Ti)3O6 (Table 6). We can infer 
that Ti and V are most probably disordered. One can 
suppose that kyzylkumite can easily form intergrowths 
on a very fi ne scale with tivanite-like or even rutile-like 
structural domains, and that this can explain the devia-
tion from the ideal stoichiometry. The results of the 
crystal-structure analysis, which suggest vacancies at 
Be sites and a slight occupancy of the “empty” octahe-
dral voids in the structure, which can be a consequence 
of the displacement of chains of octahedra because of 
“tivanite defects” in the structure, can also be explained 
by this assumption.

Substitution of Ti4+ for V3+ at octahedrally coor-
dinated sites is supposed to introduce vacancies at 
Be sites, as discussed under Chemical Data. One can 
assume a solid solution extending from BeV2TiO6 to a 
hypothetical Ti3O6 with the same basic structure-type. 
However, the general structural features can hardly be 
retained without the stabilizing effect of a substantial 
amount of tetrahedrally coordinated cations.

Twinning in (Be,�)(V,Ti)3O6 (and other isostruc-
tural compounds, like norbergite) is due to a pseudo-
trigonal arrangement of the tetrahedron and the nine 
octahedra that share vertices with it (Fig. 4). Only one 
of the three symmetry planes, which would be present 
in an idealized group of this kind, is at the same time 
the mirror plane of the crystal structure, whereas any 
one of the other two can become the twin plane. As the 
two choices are fully equivalent, there is a possibility 
to form triple, and possibly cyclical twins (Fig. 5). 

Figure 6 shows a projection of the reciprocal lattice of 
a twin in (Be,�)(V,Ti)3O6. It can be seen that twinning 
in this mineral (regardless if it is a double or triple 
twin) simulates a superlattice with periods 2a, 4b, c, 
which gives 19.964, 34.008, and 4.548 Å, very close 
to the parameters found by Smyslova et al. (1981) for 
type kyzylkumite.

CONCLUSIONS

Our fi rst recognition of the probable identity of 
the Byrud mineral and kyzylkumite was based on the 
strong similarities between their X-ray powder-diffrac-
tion diagrams (Table 2) and also on the fact that they 
are oxides of the same major elements Ti and V, plus 
minor Cr and Fe. The very large unit-cell proposed for 
kyzylkumite (V = 3088 Å3) and the Z value, 18, are 
suspicious. These features can be explained by twin-
ning, and kyzylkumite is described as showing twinning 
striations parallel to the elongation, just like the Byrud 
mineral. The b parameter of kyzylkumite and the c 
parameter of the Byrud mineral are very close (4.578 
and 4.551 Å, respectively) and the ratio between the 
cell volumes of kyzylkumite and the Byrud mineral (V 
= 386.8 Å3) is almost exactly 8. Our projection of an 
l level from the reciprocal lattice of a twinned crystal 
shows that it can be interpreted as a single-crystal rect-
angular lattice with the other two periods of 19.964 and 
34.008 Å, which correspond very well with the c and 
a parameters, respectively, proposed for the original 
kyzylkumite (directed along the present a and b axes, 
respectively). 

We believe that the analytical data and the crystal-
lographic data published for kyzylkumite cannot both 
have been obtained on the same pure mineral. On 
the basis of the X-ray-diffraction data, there is strong 
evidence that a mineral identical to the one found at 
Byrud was present also in the material described as 
kyzylkumite. The crystal-structure data show Be to be 
an essential part of the structure, together with V and 
Ti. Results of the crystal-structure analysis explain 
the departures from the ideal formula BeTiV2O6. The 
observed vacancies at the Be site can explain in part 
a surplus of the tetravalent element (Ti), observed in 
all datasets. Moreover, owing to close structural rela-
tions to tivanite and rutile, it would not be surprising 
if submicroscopic intergrowths in the form of tivanite 
or rutile modules are present, which is probably the 
case in the material from Byrud. It seems clear that 
(Be,�)(V,Ti)3O6 may form intimate intergrowths with 
larger masses of these two minerals, which on the whole 
will show large discrepancies in chemical composi-
tions with respect to the ideal composition. This can 
be supposed to be the case in the original work on 
kyzylkumite. We believe therefore that a revision of 
kyzylkumite is necessary.
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FIG. 5. A theoretical, cyclic triple twin of 
(Be,�)(V,Ti)3O6. Octahedra containing V(Ti) are 
blue, red, and green in the three twin components, 
respectively. The boundary octahedra that are in 
common for two of the components are shown 
with a mixed coloring. Projection on (001).

FIG. 4. Two views of the tetrahedral group and the nine surrounding octahedral groups in the structure of (Be,�)(V,Ti)3O6. 
Coloring as in Figure 2.
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