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INTRODUCTION
The results of the X-ray diffraction study of the Al

borosilicate dumortierite 
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and chemically related holtite

 

(Ta,Al,
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)Al
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(Si,Sb)
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O
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(O,OH,
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)
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(BO
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)

 

 [3, 4] sug-
gested that the structures of this mineralogical groups
are based on a stable framework formed by Al octahe-
dra. This framework is composed of two types of col-
umns in which Al octahedra are linked to each other by
sharing faces or edges, respectively. In these three
structures, triangular BO

 

3

 

 anions occupy relatively nar-
row channels of triangular cross section, parallel to the
[100] direction. Wide channels of hexagonal cross sec-
tion are more variable in content. In dumortierite, Al
octahedra are located in the middle of these channels.
These Al octahedra are linked to the octahedral frame-
work through [SiO

 

4

 

] tetrahedra. The central Al

 

3+

 

 cat-
ions in the octahedra randomly occupy their positions
(by 

 

~

 

75%). In magnesiodumortierite, these polyhedra
are also randomly occupied (by 

 

~

 

69%) by Mg and Ti.
The main differences between holtite and dumortierite
are associated with the partial replacement of Al with
Ta in these octahedra and splitting of two nonequivalent
Si positions, both main positions being occupied pre-
dominantly by Si atoms, whereas two additional posi-
tions are occupied by Sb atoms.

In recent years, the structural fragments of dumor-
tierite-group minerals have been revealed in a large

number of minerals and synthetic compounds with dif-
ferent compositions and symmetry. The presence of
channels in a framework consisting of columns formed
by octahedra is a general feature of these structures.
The channels of triangular cross section are occupied
by triangular or tetrahedral anions. It should be noted
that it is these tubular structural fragments filled with
the above anions that can be packed in different ways.
Variations in the packing mode can be accompanied by
the appearance of wider channels of hexagonal cross
section 

 

~

 

4 Å in diameter within an octahedral frame-
work (dumortierite, magnesiodumortierite, holtite,
ellenbergerite, phosphoellenbergerite, and ekatite).
Such channels impart a microporous character to the
mineral structures. In other minerals (holtedahlite and
satterlyite), these channels are absent.

Interpretation of the composition of holtite and
understanding of its structure became even more diffi-
cult after the discovery of localities of the second vari-
ety of this mineral in Voron’i Tundry (Kola Peninsula)
[5] and, more recently, at the Greenbushes mine (Aus-
tralia) and in Szklary (Poland) [6]. The main features of
the second variety of holtite (named holtite II) distin-
guishing it from the first variety (named holtite I) are
associated with a high antimony content and changes in
the X-ray powder diffraction pattern noted in [4]. It was
hypothesized that the structural disorder typical of hol-
tite I should be even more pronounced in holtite II [4].
However, it was impossible to verify this hypothesis
experimentally because of the lack of high-quality sin-
gle crystals of holtite II variety. These conditions stimu-
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Abstract

 

—The crystal structure of the As-containing mineral holtite II was refined by the Rietveld method. The
orthorhombic unit-cell parameters are 
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= 4.6893(1) Å, 
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= 11.881(1) Å, 
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 = 20.394(1) Å, sp. gr. 

 

Pnma
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 = 4.
Holtite II has an octahedral framework structure composed of two types of nonequivalent columns of Al octa-
hedra, which was found in the structures of dumortierite-group minerals and holtite I. The differences in the
structures of holtite II and holtite I were revealed. These differences are associated with the differences in the
composition and configuration of the columns of Al(1) polyhedra, which are located inside the framework and
are linked to SiO
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 tetrahedra, as well as with the arrangement of pyramidal SbO
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 groups.
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lated investigation of the structure of holtite II by the
Rietveld method using polycrystalline samples found
in granitic pegmatites from the Kola Peninsula.

EXPERIMENTAL
An X-ray diffraction spectrum of holtite II was mea-

sured on a STOE-STADIMP powder diffractometer
(curved Ge(111) monochromator, 

 

Cu

 

K

 

α

 

1

 

 radiation, 

 

λ 

 

=
1.54056 Å) equipped with a linear position-sensitive
detector in the angle range 

 

5.50° < 2

 

θ

 

 < 120.28°

 

. A
powder sample of holtite II was placed in a 0.3-mm
capillary. The X-ray diffraction data were processed
using the Wyriet program package (version 3.3) [7].
The structural characteristics were refined using the
holtite I structure (sp. gr. 

 

Pnma

 

) [4] as the starting
model. The peak profiles were approximated by the
Pearson VII function. Initially, the structural model was
fixed and only the scale factor (which brings the obser-
vations to an absolute scale), the counter zero, the unit-
cell parameters, the peak asymmetry (2

 

θ

 

 < 57°

 

), and the
peak-widths at half-height were refined using graphical
modeling of the background throughout the refinement
until the 

 

R 

 

factors ceased to change. In this step, the

structural parameters related to a quartz impurity were
included in the refinement. The contents of holtite II
and quartz in the powder (89.9(1)% and 10.1(1)%,
respectively) were estimated by refining the unit-cell
volume, the chemical composition, and the scale factor
for each phase [8]. In the next step, the following struc-
tural parameters were refined: atomic coordinates, iso-
tropic displacement parameters, and occupancies. The
refinement of the two-phase sample converged to the
following reliability factors (

 

R

 

 factors): 
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. The Durbin–Watson statistic 

 

DWD

 

[9] was 1.10. In these expressions, 

 

 

 

and 

 

 

 

are the
observed and calculated integrated intensities of Bragg
reflections, respectively, and 

 

I

 

obs

 

 and 

 

I

 

calcd

 

 are the
observed and calculated intensities, respectively. In the
final step of structure refinement, the refined values of
the unit-cell parameters of holtite II were obtained: 

 

a

 

 =
4.6893(1) Å, 

 

b

 

 = 11.881(1) Å, and 

 

c

 

 = 20.394(1) Å.
Figure 1 demonstrates good agreement between the
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Fig. 1. Theoretical (crosses) and experimental (solid line) X-ray diffraction spectra of a holtite II powder. Vertical bars indicate the
positions of all allowed Bragg reflections. The difference spectrum between the observed and calculated spectra is shown by a solid
line at the bottom of the figure.
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experimental and calculated X-ray diffraction spectra
of a powdered mixture of holtite II and quartz.

The structural formula of holtite II determined by
refinement is (Ta0.30Al0.26�)(Al0.95 )2Al2(Al0.98�)2 ⋅

(Si0.65 As0.05)2( �)O9.30(O,OH)4.56(BO3), which
is, on the whole, in satisfactory agreement with the data
from electron-probe analysis:
(Al6.40Ta0.36)(Si2.11Sb0.97As0.15)O12(O,OH,�)3(BO3) [5].
The most significant difference between these formulas
is the lower silicon content determined by X-ray dif-
fraction analysis. This discrepancy can be attributed to
the fact that the sample that was chemically analyzed
contained not only quartz but also amorphous silica, as
evidenced by IR spectroscopy. Silica is located between
holtite II fibers. Hence, the electron-probe analysis of
the mineral overestimated the silica content because the
probe diameter is substantially larger that the thickness
of fibers in holtite II.

The atomic coordinates, isotropic displacement
parameters, and occupancies of the cation positions in
the holtite II structure are given in Table 1.

The structure data for holtite II were deposited at the
Inorganic Crystal Structure Database (ICSD) with the
reference number 415321.

Sb0.05
5+

Sb0.30
3+ Sb0.44

3+

DESCRIPTION AND DISCUSSION 
OF THE STRUCTURE

The crystal structure of holtite II projected along the
[100] direction is shown in Fig. 2. The figure was pre-
pared using the DIAMOND2 program. Holtite II has an
octahedral framework structure composed of two types
of nonequivalent columns of Al octahedra. This frame-
work was found previously in the structures of dumor-
tierite, magnesiodumortierite, and holtite I [1–4]. In
one type of columns, pairs of equivalent Al(4) octahe-
dra share faces, whereas Al(2) and Al(3) octahedra in
the other type of columns are linked to each other by
sharing edges. The octahedral framework in the holtite
II structure differs substantially from the frameworks in
the holtite I and dumortierite structures in that ~5% of
Al atoms in the Al(2) position in holtite II are randomly
replaced by Sb5+ cations. The presence of a heavier
atom in this position is confirmed by the fact that the
refinement of the structural model, in which the Al(2)
position was filled only with Al atoms even with an
occupancy of 100%, led to the negative isotropic ther-
mal parameter for this position. Along with Sb atoms,
the Al(2) position can be occupied by Ta cations. How-
ever, by analogy with the holtite I structure, all Ta cat-
ions in holtite II were placed in the position Al(1) =
(Ta,Al). Both in the holtite I and holtite II structures,

Table 1.  Atomic coordinates, displacement parameters, and occupancies of the positions (Q) in the crystal structure of holtite II

Atom x y z Q Uiso

Al(1) 0.413(1) 0.75 0.2517(4) 0.30(1) – Ta
0.26(1) – Al 0.019(3)

Al(2) 0.555(2) 0.6080(5) 0.4712(4) 0.95(1) – Al
0.05 – Sb 0.015(4)

Al(3) 0.059(2) 0.4915(7) 0.4320(3) 1 0.009(3)
Al(4) 0.061(2) 0.3604(9) 0.2893(5) 0.98(2) 0.019(4)
Sb(1') 0.103(2) 0.75 0.3911(4) 0.44(1) 0.039(4)
Si(2) 0.586(4) 0.513(2) 0.332(1) 0.65(6) 0.010(2)

Sb(2') 0.619(2) 0.557(1) 0.3192(5) Sb – 0.30(3)
As – 0.05(1) 0.010(2)

O(1) 0.378(5) 0.75 0.454(1) 1 0.001(2)
O(2) 0.165(9) 0.75 0.332(2) 0.56 0.001(2)
O(3) 0.895(4) 0.637(1) 0.4258(7) 1 0.001(2)
O(4) 0.400(4) 0.433(1) 0.2826(7) 1 0.001(2)
O(5) 0.396(4) 0.553(1) 0.3940(7) 1 0.001(2)
O(6) 0.886(4) 0.459(1) 0.3493(7) 1 0.001(2)
O(7) 0.669(5) 0.640(2) 0.290(1) 0.65 0.001(2)
O(8) 0.174(5) 0.25 0.346(1) 1 0.001(2)
O(9) 0.251(3) 0.347(1) 0.4449(9) 1 0.001(2)
O(10) 0.753(4) 0.25 0.280(1) 1 0.001(2)
O(11) 0.746(3) 0.467(1) 0.4893(9) 1 0.001(2)
B 0.23(1) 0.25 0.412(4) 1 0.07(2)
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[BO3]3– anions occupy narrower channels of triangular
cross section formed by Al octahedra.

The holtite II structure also differs considerably
from the structures of holtite I, dumortierite, and mag-
nesiodumortierite, on the one hand, in the structure and
composition of the columns formed by Al(1) octahedra
and SiO4 tetrahedra, which are linked to these octahe-
dra and occupy wide channels of hexagonal cross sec-
tion, and, on the other hand, in the number of pyramidal
SbO3 groups located in these channels. As in the holtite
I structure, the Al atoms in the Al(1) octahedra in holtite
II are randomly replaced with Ta atoms, with the latter
predominating. It should be noted that the total occu-
pancy of the Al(1) position in holtite I is 0.874
(Al0.616(1)Ta0.258(1)) [4], whereas the total occupancy of
this position in holtite II decreases to 0.56 (the Al to Ta
ratio is approximately 1 : 1 (Ta0.30(1)Al0.26(1)). The sig-
nificantly shorter distances between the adjacent
(Ta,Al) atoms in holtite II (2.34 Å) are almost equal to
the distances between the Al(1) atoms in the dumortier-
ite structure, a phenomenon which should lead to an
increase in the number of vacancies in these polyhedra

in the case of a larger average radius of the central cat-
ions in the octahedra [10]. The replacement of Al with
Ta in this octahedron is confirmed by the increase in the
central cation–oxygen distances (1.97 Å) in compari-
son with the Al–O distances in three other Al octahedra
(1.91 Å). Even more significant differences in the struc-
ture of holtite II, in comparison with that of holtite I, are
observed for the Si and Sb3+ positions. In the holtite I
structure, the positions of two nonequivalent (Si,As)O4
tetrahedra are split [4] and both additional positions are
occupied by SbO3 groups. The occupancies of the
(Si,As(1)) and Sb(1') positions are 0.90 and 0.10,
respectively. The occupancies of the (Si,As(2)) and
Sb(2') positions are 0.87 and 0.13, respectively. The
(Si,As(1)) position in the holtite II structure is vacant,
whereas this is the main position in holtite I. Only the
Sb(1') positions with a coordination number of 3 and
occupancy of 0.44(1) were revealed in holtite II. The
composition of the (Si,As(2)) position in holtite II also
differs significantly from that in holtite I. The occu-
pancy of the Si(2) position is 0.65, and the Sb atoms,
together with As atoms, occupy the additional Sb(2')

Ta,Al

S2

S1

c

b

Fig. 2. Crystal structure of holtite II projected along the [100] direction. Aluminum and (Ta,Al) polyhedra are shaded gray, the SiO4
tetrahedra are black, the BO3 triangles are diagonally hatched, and the Sb(1') cations are shown by large gray spheres.
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position revealed in the holtite I structure. The total
occupancy of the latter is 0.35 (Sb0.30, As0.05). The
above-described cation distribution should be consid-
ered as an optimal compromise between the results of
chemical analysis and the electron contents of the cor-
responding positions revealed by X-ray diffraction
analysis of the crystal.

Both in the holtite I and holtite II structures, there
are vacancies in the O(2) and O(7) positions because
the Sb(1') and O(2) atoms, as well as the (Sb,As(2'))
and O(7) atoms, cannot simultaneously be present in
the structure; otherwise, the distances between these
atoms would be shortened (Sb(1')–O(2) = 1.24(6) Å
and (Sb,As(2'))–O(7) = 1.18(4) Å). Hence, the occu-
pancies of the O(2) and O(7) positions are 1 – 0.44 =
0.56 and 1 – 0.35 = 0.65, respectively. The O(2) and
O(7) atoms are involved in the (Ta,Al) octahedra. It is
reasonable that their occupancies are nearly equal to the
occupancies of the central (Ta,Al) atoms in the octahe-
dron.

Figure 3a shows the column composed of Al(1)
octahedra and SiO4 tetrahedra linked to this column in
the dumortierite structure. A model of a fragment of
this column in the holtite II structure, where Al(1) octa-
hedra are absent and only flattened Sb(1')O3 and
(Sb,As)(2') pyramids are located, is shown in Fig. 3b.
As mentioned above, free O(2) vertices in each triplet
of Al polyhedra can be present only if the Sb(1') posi-

tion is vacant. In the presence of Sb(1') cations, the
Al(1) position becomes five-coordinate.

Since there are no Si atoms in the Si(1) position in
the holtite II structure, some oxygen atoms (O(1), O(2),
and O(3)), which are involved in the tetrahedra around
Si(1) atoms in holtite I, should be replaced with (OH)
groups and the corresponding positions should be con-
sidered as (O,OH). This accounts for a much higher
concentration of hydroxyl anions in holtite II in com-
parison with holtite I. The simultaneous involvement of
the (OH)– and O2– anions in the above-mentioned posi-
tions is also confirmed by calculation of the balance of
valence forces of the anions [11]. For the O(1), O(2),
and O(3) atoms, the sums of valence forces are 1.70,
0.62, and 1.78, respectively. It should be taken into
account that the occupancy of the O(2) atoms is much
lower than unity (0.56). In addition to these anions, it is
also evident that OH groups are involved in the O(10)
position, as in all dumortierite-group minerals. The sum
of valence forces for this position is 1.38, a result which
suggests the simultaneous presence of O and OH
anions in this position, with the hydroxyl groups evi-
dently predominating.

The common structural configuration allows one to
compare dumortierite-group minerals with a vast fam-
ily of minerals and synthetic compounds with different
compositions. Table 2 contains the chemical formulas,
the space groups, and the compositions of the hexago-

a

b c

(a) (b)

Fig. 3. (a) Column formed by Al(1) octahedra and SiO4 tetrahedra linked to the column in the dumortierite structure and (b) a for-
malized fragment of this column in the holtite II structure. Al(1) polyhedra are shaded gray and Si(2)O4 tetrahedra are black. The
Sb,As(2') and Sb(1') positions are shown by large black and large gray spheres, respectively. The Sb(1') atoms located near the Al(1)
octahedron are shown by empty spheres, and the oxygen positions are shown by small gray spheres.
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nal and trigonal channels for various representatives of
this family.

The transition from dumortierite and magnesiodu-
mortierite to holtite I, holtite II, and ekatite is clearly
seen when considering the compositions of the wide
hexagonal channels. In this series, the amount of octa-
hedra located in these channels successively decreases,
and the (SiO4) tetrahedra, through which the octahedra
are linked to the framework, are replaced with flattened
SbO3 or AsO3 pyramids. The main distinguishing fea-
ture of ellenbergerite, which is another mineral closely
related to both varieties of holtite, is associated with the
ordering of two chemically different cations, Mg and
Al, in the face-shared octahedra of the framework and
the occupation of the octahedra in the middle of the
hexagonal channels by Mg and Ti atoms. The structural
motifs of synthetic cobalt, zinc, manganese, and iron
hydroxy phosphates and nickel and cobalt hydroxy tel-
lurides and hydroxy selenides are analogous to those of
the hexagonal minerals ellenbergerite, phosphoellen-
bergerite, and ekatite.

The structural features of the polyhedral frame-
works of hexagonal ellenbergerite and orthorhombic
magnesiodumortierite were considered in [2]. The
magnesiodumortierite structure was described as con-
taining blocks S1 and S2 alternating along the [010]

direction. Similar blocks can also be distinguished in
holtite II and all related structures. One has to take into
account that these blocks in holtite II alternate along the
[001] direction (Fig. 2) because the b and c axes in the
holtite I and holtite II structures are interchanged.
Except for the differences associated with the composi-
tions within the triangular and tetrahedral anions of the
framework, the following main features of the hexago-
nal and orthorhombic dumortierite-related minerals can
be distinguished. Blocks S1 contain columns, which are
composed of face- and edge-shared octahedra (Al(4) in
the holtite I and holtite II structures), and octahedra
located within wide channels of hexagonal cross sec-
tion (Al(1) in the holtite I and holtite II structures). The
blocks S2 in the structures with hexagonal symmetry
(ellenbergerite, phosphoellenbergerite, and ekatite)
also contain crystallographically equivalent columns
formed by face- and edge-shared octahedra. In the
structures with orthorhombic symmetry, the octahedra
in these channels in blocks S2 share edges and vertices
(Al(2) and Al(3) octahedra in holtite I and holtite II).
Owing to these differences, the rearrangement of the
framework with orthorhombic symmetry into the
framework with hexagonal symmetry is far from being
simple and evident.

Table 2.  Minerals and synthetic compounds structurally related to holtite II

Compound sp. gr. Composition of hexago-
nal channels

Composition of trigo-
nal channels References

Dumortierite
(Al, �)Al6Si3O12(O2.25OH0.75)(BO3)

Pmcn (Al, �)2(Si3O12)2 (BO3) [1]

Magnesiodumortierite
(Mg, Ti, �)(Al, �)4(Al, Mg, �)2Si3O12.04(OH)2.96(BO3) 

Pmcn (Mg, Ti, �)2 (Si3O12)2 (BO3) [2]

Holtite I
(Al, Ta, �)(Al, �)6(Si, Sb, As)3O13.43(O, OH)(BO3)

Pnma (Al, Ta, �)2[(Si, Sb, 
As)3O12]2

(BO3) [4]

Holtite II
(Ta, Al, �)(Al, Sb)2Al2(Al, �)2(Si, Sb, As)2(Sb, �)
O9.30(O, OH)4.56(BO3)

Pnma (Ta, Al, �)2[(Si, Sb, As)2
(Sb�)O7.3(O, OH)3.56]2

(BO3) this study

Ellenbergerite
(Mg, Ti, �)2Mg6Al6(Si3O12)2[SiO3(OH)]2(OH)8

P63 (Mg, Ti, �)2(Si3O12)2 (SiO3OH) [12]

Phosphoellenbergerite
Mg14(PO4)6[(HPO4)1.24(CO3)0.76](OH)6

P63mc Mg2(PO4)6 [(PO3OH)0.62(CO3)0.38] [13]

Ekatite
(Fe3+, Fe2+, Zn)12[AsO3]6[AsO3, HOSiO3]2(OH)6

P63mc (AsO3)6 [AsO3, HOSiO3] [14]

Holtedahlite
Mg12(PO3OH, CO3)(PO4)5(OH, O)6

P31m hexagonal channels are 
absent (PO3OH, CO3)

[15]

Mg12(PO3OH)(PO4)5(OH, O)6 (a synthetic analog) (PO3OH)
Satterlyite
(Fe2+, Mg, Mn)12(PO3OH)(PO4)5(OH, O)6

P31m hexagonal channels are 
absent

(PO3OH) [16]

M12(OH)2(SeO3)8(OH)6 (M = Co, Ni) P63mc (SeO3)6(OH)2 (SeO3) [17]
M11(HPO3)8(OH)6 (M = Fe, Mn, Zn, Co, Ni) P63mc (HPO3)6 (HPO3) [18–20]
Zn7(OH)3(SO4)(VO4)3 P63mc Zn2(VO4)6 (SO4) [21]
M3(OH)2(TeO3)2 (M = Co, Ni) P63mc (TeO3)6(OH)2 (TeO3) [22]
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