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INTRODUCTION

The representative heterophyllosilicate family [1, 2]
includes, in particular, the lamprophyllite group com�
prising 11 mineral species and their varieties. The
structures of lamprophyllite�group minerals are based
on three�layer HOH modules (H means hetero; O
means octahedra) consisting of a cation layer com�
posed of edge�sharing octahedra and an anion net�
work formed by Si diortho groups, which are most
often linked together by Ti semioctahedra (unlike
most other titanium heterophyllosilicates, in which
titanium is in octahedral coordination). Large Sr, Ba,
and K cations are located between the three�layer
modules. Barytolamprophyllite and its Ba,Na�
ordered analogue nabalamprophyllite, as well as liley�
ite, emmerichite, and ericssonite, are Ba�dominant
representatives of the lamprophyllite group. Yet
another barium�rich mineral schüllerite found
recently at the Lohley basalt quarry (Germany) [3, 4]
is characterized by chemical and structural features
that distinguish it from other lamprophyllite�group
minerals.

In the present work, we studied schüllerite from
another locality by X�ray diffraction. The mineral was
found in the late pneumatolithic association with
alkali basalt at the Kahlenberg quarry in the Eifel pale�
ovolcanic field (Germany). In this locality, schüllerite
forms brown thin�plate crystals in association with
nepheline, augite, fluorapatite, perovskite, magnetite,
and altered götzenite. Nine heterophyllosilicate sam�
ples from Kahlenberg were studied by electron micro�

probe analysis. Two of them proved to be lileyite, six
samples were found to be schüllerite occurring in epi�
taxial intergrowths with lileyite, and one sample was
pure schüllerite. The crystal of the latter was used to
study the structure.

EXPERIMENTAL AND STRUCTURE 
REFINEMENT

The chemical composition of the sample was
determined from electron microprobe analysis, which
was carried out using a VEGA TS 5130MM SEM
scanning electron microscope coupled with an
energy�dispersive X�ray spectrometer and equipped
with an INCA Si(Li) detector operating at 20 kV and a
probe current of 0.6 nA. This composition can be
described by the empirical formula (Z = 1)
Вa1.7Sr0.2K0.1Na0.85Mg0.6Mn0.5Ca0.55Fe1.8Ti1.4Al0.2Nb0.1

Si4O17F. The valence state of iron was not determined
because there was an insufficient amount of the sub�
stance. The sample from Kahlenberg differs from
holotype schüllerite [4] in that it has less sodium (0.85
instead of 1.05 atoms per formula unit) supplemented
with calcium (0.43 instead of 0.3 atoms) and mainly a
higher iron content (1.8 instead of 1.46 atoms).

The X�ray diffraction data set was collected from a
flattened single crystal within a full sphere of recipro�
cal space on an Oxford Diffraction Xcalibur diffracto�
meter equipped with a CCD detector. The crystallo�
graphic characteristics and the X�ray data�collection
and structure�refinement statistics are given in Table 1.
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The Wilson statistics |E2 – 1| unambiguously indi�
cates the absence of a centre of symmetry. Hence, the
cationic moiety obtained by direct methods in sp. gr.
Р  was used in the automated procedure of successive
approximations [6] in acentric sp. gr. Р1 characteristic
also of holotype schüllerite [3]. A complete structural
model comprising 30 sites was obtained after several
iterations. Due to a complex chemical composition,
the cation distribution over sites was performed in
accordance with the crystal�chemical criteria by ana�
lyzing the atomic displacement parameters, inter�
atomic distances, and ionic radii of cations and was
controlled by calculating the R factor. The structural
model was refined by the least�squares method with
the application of absorption correction [7] and using
mixed atomic scattering curves for some sites. The
refinement with anisotropic atomic displacement
parameters based on 4321 reflections with |F | > 6σ(F)
converged to R = 7.9%. All calculations were carried
out with the use of the AREN program package [5, 6].
The atomic coordinates are given in Table 2. The char�
acteristics of the coordination polyhedra are presented
in Table 3.

The rather high R�factor value is attributed to the
poor quality of the crystal and its mosaicity (the pres�
ence of microblocks), which is apparently associated
with the presence of regions with disordered displace�
ments of the layers. The latter fact is confirmed by the
analysis of the X�ray diffraction pattern, which shows
an insignificant number of reflections assigned to dis�
ordered, polytype, or hybrid structures having an
increased parameter c (∼30 Å), with the metric of the

1

parameters a (∼5.4 Å) and b (∼7.0 Å) being
unchanged. Such defects have been observed earlier in
minerals of the heterophyllosilicate family [8], but
they have not been found previously in lamprophyl�
lite�group minerals.

STRUCTURE DESCRIPTION, RESULTS, 
AND DISCUSSION

Like in the schüllerite structure, the А1 and А2 sites
located between the modules in the mineral under
consideration are occupied with large Ba cations along
with small amounts of K and Sr cations. These cations
are located in 11�vertex polyhedra and account, in
sum, for two atoms per unit cell. The distribution of
the cations in the М1� and М2 five�vertex polyhedra
corresponds to the Ti content similar to that observed
in most of lamprophyllite�group minerals (in ericsso�
nite and ferroericssonite, Ti is replaced by Fe3+). Both
sites are occupied mainly by titanium, but one site is
made heavier due to the presence of iron and niobium;
the other site includes an additive of lighter aluminum.
However, the compositions of some octahedral sites of
the O layer in the new mineral differ from those in the
structure of schüllerite from the Lohley quarry. One of
these sites (the М5 site), like that in schüllerite, is
occupied by iron atoms and contains magnesium as
well, with the latter dominant in this sample. As
opposed to schüllerite, the М6 site in the new mineral
is completely occupied by iron atoms. The sodium
deficiency in the specimen from Kahlenberg resulted
in the sodium site М3 being additionally occupied by

Table 1. Crystallographic characteristics and X�ray�data�collection and structure�refinement statistics

Idealized formula Ва2Na(Ca,Mn)(Fe2+,Fe3+)MgTi2[Si2O7]2O2(O,F)F

a, b, c, Å 5.4061(1), 7.0416(6), 10.2077(7)

α, β, γ, deg 99.86(1), 99.78(1), 89.98(1)

V, Å3
377.1(1)

Crystal system, sp. gr., Z Triclinic, P1, 1

M; Dx, g/cm3; μ, cm–1
969; 4.2; 90

Crystal dimensions, mm 0.13 × 0.2 × 0.24

Diffractometer Xcalibur Oxford Diffraction

Radiation; λ, Å MoK
α
; 0.71073

Scan mode ω

θmax, deg 55

h, k, l ranges –12 < h < 12; –15 < k < 10; –23 < l < 23

Number of measured/unique reflections with |F | > 6σ(F ); Rint, % 18528/4321; 3.4

Refinement method Least�squares based on F

R, % 7.9

Programs AREN [5, 6], DIFABS [7]
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calcium, but most calcium atoms occupy the М4 site
in equal parts with manganese atoms.

The crystal�chemical formula of Fe�schüllerite (Z = 1)

is (Ва1.6Sr0.3K0.1)
XI[(Fe2+,Fe3+)1.0(Mg0.6Fe )(Ca0.5Mn0.5)

(Na0.85Ca0.15)]
VI[(Ti0.8Al0.2)(Ti0.6Fe Nb0.1)]

V[Si2O7]2O2

(О,F)F, where the coordination numbers of the atoms
are written as Roman numerals and the composi�
tions of the sites located between the modules, the
octahedral layer, the five�vertex polyhedra, and the
diortho groups are enclosed in brackets. The ideal�
ized formula can be written as follows:
Ва2Na(Ca,Mn)(Fe2+,Fe3+)MgTi2[Si2O7]2O2(О,F)F.
As opposed to holotype schüllerite, in which trivalent
iron predominates over divalent iron, the reverse ratio
of these ions in the new mineral can be assumed based
on the larger sizes of Fe�containing octahedra. Thus,
the average M5–O and M6–O distances are 2.160 and
2.169 Å, respectively, in schüllerite found at the
Lohley quarry and 2.22 and 2.18 Å in the specimen
from Kahlenberg.

The end members of barium minerals belonging to
the lamprophyllite� and schüllerite�structure types are
summarized in Table 4. Two polytypes are known for
lamprophyllite�group minerals which differ in the
mutual arrangement of HOH modules: monoclinic
(2M) and orthorhombic (2O). Fe�schüllerite and
schüllerite are the only representatives of this group
with triclinic symmetry.

All minerals listed in Table 4, except for both schül�
lerite samples, are characterized also by the same
topology of the HOH module. In minerals belonging
to the lamprophyllite�structure type, the diortho
groups of the H networks face each other (Fig. 1a),
whereas the H networks in schüllerite are shifted with
respect to the О layer (Fig. 1b).

Since the diortho group [Si2O7] is linked to edges of
the polyhedra located between the modules and of the
О layer, the topology of the HOH modules depends on
the composition of the minerals and primarily on the
size ratios of the cations in the О layer and those
located between the modules. In Ba�containing min�

2
0.4
+

3
0.3
+

Table 2. Atomic coordinates and equivalent atomic dis�
placement parameters (Beq)

Site x/a y/b z/c Beq, Å2

А1 0.0017(1) 0.9985(1) 0.0331(1) 1.24(2)

А2 0.4588(1) 0.4659(1) 0.9003(1) 0.85(2)

М1 0.0480(2) 0.5332(2) 0.1769(1) 0.74(2)

М2 0.4133(4) 0.9301(3) 0.7584(2) 0.79(2)

М3 0.4858(6) 0.6236(5) 0.4667(3) 0.76(5)

М4 0.9820(3) 0.8661(2) 0.4661(1) 0.84(2)

М5 0.4760(6) 0.1260(4) 0.4696(3) 1.23(3)

М6 0.9844(3) 0.3644(2) 0.4656(1) 1.13(2)

Si1 0.9095(5) 0.2008(5) 0.7385(3) 1.06(7)

Si2 0.5545(4) 0.8138(4) 0.1927(3) 0.74(7)

Si3 0.5541(5) 0.2641(5) 0.1925(3) 0.68(7)

Si4 0.9111(6) 0.6520(5) 0.7373(3) 0.88(7)

O1 0.778(1) 0.333(1) 0.124(1) 1.2(3)

O2 0.683(2) 0.134(2) 0.812(1) 1.3(3)

O3 0.685(1) 0.757(1) 0.810(1) 0.9(3)

O4 0.282(1) 0.710(1) 0.125(1) 1.0(3)

O5 0.175(1) 0.129(1) 0.813(1) 0.9(3)

O6 0.170(2) 0.752(2) 0.810(2) 1.5(3)

O7 0.282(2) 0.326(2) 0.126(1) 1.5(3)

O8 0.533(1) 0.030(1) 0.145(1) 0.9(2)

O9 0.915(3) 0.447(2) 0.803(1) 2.7(3)

O10 0.781(2) 0.716(2) 0.130(1) 2.0(2)

O11* 0.116(3) 0.076(3) 0.351(1) 1.9(3)

O12 0.103(2) 0.563(2) 0.350(1) 1.2(3)

O13 0.861(3) 0.141(2) 0.579(1) 1.8(3)

O14 0.604(2) 0.825(2) 0.351(1) 2.0(3)

O15 0.868(2) 0.619(2) 0.578(1) 1.2(3)

O16 0.614(2) 0.315(2) 0.350(1) 1.6(3)

O17 0.351(2) 0.881(2) 0.575(1) 2.0(3)

F 0.348(3) 0.363(2) 0.582(1) 1.83(7)

* The composition of the site is (O,F).

Table 3. Characteristics of the coordination polyhedra (Si tetrahedra are not included)

Site Composition
(Z = 1)

Coordination
number

Cation–anion distances, Å

Minimum Maximum Average

A1 Ва1.0 11 2.690(1) 3.140(1) 2.854

A2 Ва0.6Sr0.3K0.1 11 2.710(1) 3.150(1) 2.869

М1 Ti0.6 Nb0.1 5 1.710(1) 1.980(1) 1.922

M2 Ti0.8Al0.2 5 1.800(1) 2.000(1) 1.947

M3 Na0.85Ca0.15 6 2.15(1) 2.51(1) 2.27

M4 Ca0.5Mn0.5 6 2.10(1) 2.40(1) 2.25

M5 Mg0.6 6 2.03(1) 2.45(1) 2.22

M6 (Fe2+,Fe3+)1.0 6 2.08(1) 2.37(1) 2.18

Fe0.3
3+

Fe0.4
2+
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erals of the lamprophyllite group, in which the largest
Ba cations are located between the modules and
smaller cations (among which sodium is the largest
one) are present in the О layer, the topology of the
HOH modules directly depends on the sodium con�
tent.

Three distributions of octahedra in the О layer can
be distinguished depending on the composition of the
minerals of this group. In sodium�free ericssonite and
ferroericssonite, the О layer consists of like ribbons
running along the b axis: Mn–Mn–Mn–Mn… and
Fe–Fe–Fe–Fe…, respectively. In minerals with the
maximum Na content, the octahedra are arranged in
sodium ribbons Na–Na–Na–Na… alternating with
ribbons with a mixed composition. Thus, in the lam�
prophyllite structure, the composition of the mixed
ribbon is Na–Ti–Na–Ti… and lileyite contains mixed
Na–Mg–Na–Mg… ribbons. The intermediate situa�
tion is observed in schüllerite from Lohley, which is

characterized by the lowest Na content and in which
Na–Fe3+–Na–Fe3+… ribbons alternate with Mn–
Fe2+–Mn–Fe2+… ribbons. In Fe�schüllerite, both rib�
bons are also mixed but have different compositions
(Fig. 2): Na–Mg–Na–Mg… and Ca–Fe2+–Ca–Fe2+

(or Mn–Fe2+–Mn–Fe2+).

As was shown in [15], the Si2O7 group is the main
silicate unit in compounds with large cations, because
its length (4–4.2 Å) is comparable with the length of
the edge of the Ca(Na) octahedron and the Si–O–Si
angle is close to 180°. In lamprophyllite�group miner�
als, (Si2O7)�groups share edges with larger Ba polyhe�
dra located between the modules, resulting in their
distortion. Thus, one edge of the prism, in which the
diortho group is incorporated, is elongated, whereas
the other edge is shortened and is comparable with the
edge of the octahedra of small cations belonging to the
О layer; the Si–O–Si angle decreases to 140°. There�

Table 4. Chemical composition and symmetry of barium�containing minerals belonging to the lamprophyllite� and schül�
lerite�structure types

Mineral Idealized formulas Sp. gr. References

Nabalamprophyllite (BaNa)Na3Ti3(Si2O7)2O2(OH)2 P2/m [9]

Barytolamprophyllite Ba2Na3Ti3(Si2O7)2O3(OH) C2/m [10]

Emmerichite Ва2Na(Na,Fe2+)2Fe3+Ti2(Si2O7)2O2F2 C2/m [11]

Lileyite Ва2Na(Na,Fe2+)2MgTi2(Si2O7)2O2F2 C2/m [12]

Schüllerite Ва2Na(Mn2+,Ca)(Fe3+,Mg,Fe2+)2Ti2(Si2O7)2O2(O,F)2 P1 [4]

Fe�schüllerite Ва2Na(Ca,Mn)(Fe2+,Fe3+)MgTi2(Si2O7)2O2(O,F)F P1 Present study

Ericssonite Ba2 (Si2O7)2O2(OH)2 C2/m [13]

Ferroericssonite Ba2 (Si2O7)2O2(OH)2 Pnmn [14]

The minerals are arranged in order of decreasing sodium content.

Mn4
2+

Fe2
3+

Fe4
2+

Fe2
3+

(a)

(b)

M

Ti

Si

Ti

M

Si

Fig. 1. Topology of the HOH module in minerals belonging
to the (a) lamprophyllite� and (b) schüllerite�structure
types.

M6

M5 M3

M4

a

bc

Fig. 2. Distribution of cations in octahedra of the O layer in
the Fe�schüllerite structure.
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fore, the diortho groups in lamprophyllite are forced
to lean against the edges of the only small octahedron
of the М cation (Ti). The topology of the HOH module
remains unchanged after the replacement of Ti for
other small cations (Mg in lileyite and Fe in emmeri�
chite). The same topology of the HOH module is
observed in sodium�free ericssonites, in which all
octahedra are small. In schullerite with a complex
composition, large Na octahedra are isolated and the
(Si2O7)�groups lei against the smallest octahedra of
adjacent ribbons with a shift relative to each other,
resulting in a change in the topology of the HOH
module.

Therefore, the presence of sodium in an amount of
about one atom per formula unit leads to a change in
the topology of the HOH module. The second discov�
ery of schüllerite confirms this observation. By con�
trast, at a higher sodium content (more than 1.5 atoms
per formula unit) the topology is the same as that
observed in sodium�free minerals of the lamprophyl�
lite group. In addition, the sodium content is an indi�
cation of the transition from lileyite to emmerichite
and barytolamprophyllite. Thus, in case of the
replacement of Mg by Fe3+ and Ti, the excessive posi�
tive charge is compensated mainly by the replacement
of divalent cations with sodium, as well as of fluorine
with oxygen. At even higher sodium content, excess
sodium cations are located between the modules up to
the domination of this element in one of the two sites
between the modules in nabalamprophyllite.

The fact that the unit cell parameters of schüllerite
are comparable with those of lamprophyllite�group
minerals is a prerequisite for the formation of their
epitaxial intergrowths and mixed�layer structures.
Actually, the holotype of schüllerite found at the
Löhley basalt quarry was described [4] in associa�
tion with epitaxial intergrowths of schullerite and
lileyite. In [4] the latter was interpreted as a low�
titanium barytolamprophyllite, because the existence
of lileyite as an individual mineral species with a
Mg�dominant octahedral site had not been estab�
lished by that time. Typical intergrowths of schüllerite
and lileyite are shown in Fig. 4. It can be seen that
the boundaries between these two minerals can be
either clear�cut or fuzzy. A similar pattern was
observed in some crystals in association with schüller�
ite from the Kahlenberg quarry, where the crystal
under consideration was found. An example of epi�
taxial intergrowth is displayed in Fig. 5. The numer�
als in Fig. 5 correspond to the numbers of micro�
probe analyses presented in Table 5. Point 2 corre�
sponds to the empirical formula of lileyite
(Ba1.2Sr0.3K0.3)Na(Na1.1Fe0.4Ca0.3Mn0.2)(Mg0.5Ti0.4Nb0.1)
Ti1.9[(Si3.9Al0.1)O14]O2.6F1.4;  point 5 corresponds
to the formula of schüllerite

M5

A2

A1

M3

M1

M2

M6 M4

c

b

Fig. 3. General view of the Fe�schüllerite structure; A and
M are cation sites.

(a) 200 μm 200 μm(b)

Fig. 4. Regular intergrowths of lileyite (dark areas) and
schüllerite (according to the results of the study [4]). A
backscattered electron image.

100 μm

1

2

3
4

5
6

Fig. 5. Fragment of the schüllerite crystal (points 5 and 6)
with the outer zone of lileyite (points 1 and 2) and the tran�
sition zone (points 3 and 4). A backscattered electron
image.
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(Ba1.7Sr0.2K0.1)Na1.2(Fe1.1Ca0.4Mn0.3Na0.2)(Mg0.7Fe0.3)
(Ti1.6Fe0.4)[Si4.0O14]O2.5F1.5.

As can be seen from Fig. 5, the boundary between
the Fe�schüllerite and lileyite zones in the lower part
of the image is clear�cut, whereas the boundary in the
right upper quadrant is fuzzy. Presumably, in the latter
case the transition zone (points 3 and 4) is composed
of alternating layers of both minerals. This supposition
is confirmed by the X�ray diffraction data for the
schüllerite crystal studied in the present work. As was
mentioned above, the X�ray diffraction data set for this
crystal includes reflections corresponding to the
increased parameter с. The alternation of the modules
has been observed earlier in some minerals of the het�

erophyllosilicate family. For instance, camaraite con�
sists of alternating bafertisite and surkhobite modules
[16], bornemanite is composed of alternating
lomonosovite and rosenbuschite modules [17] or of
lamprophyllite and vuonnemite modules [18], and
kazanskyite and nechelyustovite are built up of alter�
nating lamprophyllite and epistolite modules [19, 20].

CONCLUSIONS

The sodium content in lamprophyllite�group min�
erals can be considered an indication that a particular
mineral species belongs to a certain mineral type. The
assignment of schüllerite to the lamprophyllite group

Table 5. Chemical composition of the schüllerite crystal shown in Fig. 5

Component
Points of analyses shown in Fig. 5

1 2 3 4 5 6

Content (wt %)

Na2O 7.74 7.87 6.94 5.31 4.69 4.29

K2O 1.16 1.53 1.03 0.61 0.33 0.35

CaO 1.81 1.50 1.99 2.16 2.51 2.16

SrO 3.15 3.43 3.00 2.57 2.20 2.90

BaO 23.59 21.29 25.45 26.96 27.92 25.37

MgO 2.47 2.37 2.90 3.15 2.86 2.69

FeO 4.25 3.49 4.86 8.76 13.84 14.47

MnO 1.75 1.60 1.78 2.27 2.42 2.73

Al2O3 0.23 0.34 0.19 0.42 – 0.51

SiO2 27.62 28.34 27.38 26.31 25.83 26.96

TiO2 21.71 21.58 19.97 16.44 13.43 12.85

Nb2O5 0.56 1.09 – – – –

F 2.84 3.08 2.79 3.79 3.11 3.43

Sum 98.88 97.51 98.28 98.75 99.14 98.71

Formula coefficients per 4(Si + Al)

Na 2.15 2.12 1.95 1.54 1.41 1.21

K 0.21 0.27 0.19 0.12 0.06 0.06

Ca 0.28 0.22 0.31 0.35 0.42 0.34

Sr 0.26 0.28 0.25 0.22 0.20 0.24

Ba 1.33 1.16 1.45 1.58 1.69 1.44

Mg 0.53 0.49 0.63 0.70 0.66 0.58

Fe 0.51 0.41 0.59 1.09 1.79 1.76

Mn 0.21 0.19 0.22 0.29 0.32 0.34

Al 0.04 0.06 0.03 0.07 – 0.09

Si 3.96 3.94 3.97 3.93 4.00 3.91

Ti 2.34 2.26 2.18 1.84 1.56 1.40

Nb 0.04 0.07 – – – –

F 1.29 1.35 1.28 1.79 1.52 1.58

Dashes indicate that the content of the component is lower than the limit of detection by electron microprobe analysis.
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is a controversial point because of the topological fea�
tures of this mineral. However, schüllerite differs from
heterophyllosilicates, which are characterized by Н
networks shifted with respect to each other (for exam�
ple, from bafertisite), not only by the stoichiometry
but also by the location of Ti in a half�octahedron
(instead of an octahedron) and the presence of a Na�
dominant site in the O layer. The topology of Fe�schül�
lerite (like that of schüllerite) combines (Fig. 3) their
distinguishing features. On the one hand, this mineral
contains five�vertex polyhedra of titanium in the Н
network. On the other hand, the diortho groups in this
mineral are shifted with respect to each other in the
HOH module. However, although the former feature is
of most importance, schüllerite and its iron�rich vari�
ety can be considered in one series with lamprophyl�
lite�group minerals.

Regular intergrowths of schüllerite and lampro�
phyllite�group minerals are prerequisites for the for�
mation of a new type of hybrid structures containing
schüllerite and lamprophyllite modules simulta�
neously.
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