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From structure topology to chemical composition.
VI. Titanium silicates: the crystal structure and crystal chemistry
of bornemanite, a group lll Ti-disilicate mineral
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The crystal structure of bornemanite, ideally Nag[1BaTi;Nb(Si;07),(PO4)O2(OH)F, a = 5.4587(3),
b =7.1421(5), ¢ = 24.528(2) A, o = 96.790(1), B = 96.927(1), v = 90.326(1)°, ¥ = 942.4(2) A*, space
group P1,Z=2, Deye. = 3342 g cm 3, from the Lovozero alkaline massif, Kola Peninsula, Russia, has
been solved and refined to R; = 6.36% on the basis of 4414 unique reflections (F, >4cF). Electron
microprobe analysis yielded the empirical formula (Na6_07Mn§_+23Ca0_06D0_64)z7_00
(BaO473KOA13SI.OAO6I:I0408)21.OO(TiZ405Nb0,8ozr0.02Ta(5)B1FegB3A10,02Mn%B()MgO4O1)23.OO(Si2O7)2(POA97O4)O2
[F127(OH)g.74]52.01- The crystal structure of bornemanite is a combination of a TS (titanium silicate)
block and an I (intermediate) block. The TS block consists of HOH sheets (H-heteropolyhedral,
O-octahedral). The TS block exhibits linkage and stereochemistry typical for Group III (Ti =3 a.p.f.u.)
of Ti-disilicate minerals: two H sheets connect to the O sheet such that two (Si,O5) groups link to the
trans edges of a Ti octahedron of the O sheet. The O sheet cations give NasTi (4 a.p.f.u.). The TS
block has two different H sheets, H; and H,, where (Si,O-) groups link to P*'Ti and [)Nb polyhedra,
and there are two peripheral sites which are occupied by Ba and Na, respectively. There are two I
blocks: the I; block is a layer of Ba atoms; the I, block consists of Na polyhedra and (PO,) tetrahedra.

KeywoRrbs: bornemanite, Ti-disilicate minerals, crystal structure, EMP analysis, chemical formula, TS block,
Group III.

Introduction . .
482(1) A, ¥V = 18754 A®, and possible space

BORNEMANITE was described as a new mineral by
Men’shikov et al. (1975). It was found in a
natrolite zone of the Yubileinaya pegmatite, Mt.
Karnasurt, Lovosero alkaline massif, Kola penin-
sula, Russia as yellow 10 mm x 8 mm x 0.2 mm
plates associated with lomonosovite and natrolite,
and containing microscopic inclusions of aegirine
and lomonosovite. Based on precession photo-
graphs, the authors reported orthorhombic
symmetry, a = 5.48(5), b= 7.10(5), ¢ =

groups Imma and Ima2. Men’shikov et al. (1975)
stated that elongation and flattening of bornemanite
crystals are parallel to [100] and perpendicular to
[001], respectively. They gave a chemical analysis
of bornemanite (quoted in Table 1) and the ideal
formula Na7BaTi2NbPSi4021F, zZ = 4, Dcalc =
349 ¢ cm >, Dpeas. = 3.47-3.50 g cm °.
Men’shikov et al. (1975) emphasized the chemical
and structural similarity of bornemanite with the
seidozerite and lomonosovite groups of minerals,
especially with lomonosovite, Na;qTi4(Si,07),
(PO4)204 (Belov et al., 1977), murmanite,
NayTiy(Si,07),04(H,0), (Khalilov, 1989), episto-
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TaBLE 1. Chemical composition (wt.%) and unit formula (a.p.f.u.) for bornemanite.

Men’shikov et al. (1975)*

Ferraris et al.

This work**

)] 2 (2001)**

P,Os 6.57 6.80 6.44 7.22 Si 4.07
Nb,Os 9.22 8.86 10.13 11.18 P 0.97
Ta,0s5 n.d. 0.66 n.a. 0.14

TiO, 18.72 18.00 19.94 17.29 Na 6.07
710, 0.20 0.25 0.06 0.20 Mn2* 0.23
SiO, 23.96 25.00 26.42 25.76 Ca 0.06
Al,O3 0.55 0.00 0.15 0.12 2~Na 6.36
Fe, 05 n.d. 0.30 n.a. 0.24

FeO 0.17 n.d. 0.22 n.a. Ba 0.73
MnO 2.97 2.48 2.37 2.17 K 0.13
MgO 0.04 0.06 0.02 0.03 Sr 0.06
BaO 12.05 13.00 12.02 11.76 ZAP(I) 0.92
SrO 0.70 0.68 0.72 0.63

CaO 0.33 0.77 0.26 0.33 Ti 2.05
Na,O 19.62 20.00 18.64 19.84 Nb 0.80
K,O 0.65 0.67 0.61 0.62 Zr 0.02
Li,O 0.10 n.d. n.a. n.d. Ta 0.01
Rb,0 0.0025 n.d. n.a. n.d. Fe** 0.03
Cs,O 0.002 n.d. n.a. n.d. Al 0.02
H,0" 2.44 n.a. n.a. n.a. Mn?" 0.06
H,O™ 0.30 0.70 Q.7%%* 0.7%%* Mg 0.01
F 1.52 1.64 1.29 2.54 S~(Ti+Nb) 3.00
Cl n.a. n.a. 0.03 n.a.

—0=F, 0.64 0.69 0.54 1.07 F 1.27
—0=Cl, 0.01 OH 0.74
Total 99.47 99.18 99.47 99.70 X} 201

* Wet chemistry + flame photometry for alkaline and alkali-earth elements, D,,,s = 3.47 (sample 1) and 3.50 g cm >

(sample 2).

** Electron microprobe analyses.

*** Taken from analysis (sample 2) of Men’shikov et al. (1975).

n.d.: not detected
n.a.: not analysed

and Hawthorne,

vuonnemite,

2004),
Nal1Nb2Ti(Si207)2(PO4)ZO3F (Ercit et al., 1998),
and seidozerite, NasMnZr,Ti(Si,07),0,F,
(Christiansen et al., 2003). In this study, we
quote the latest structure work. However,
Men’shikov et al. (1975) noted that the final
formula of bornemanite could be written only after
structure investigation. Pekov (2000) reported
bornemanite from two other localities in the
Lovozero massif, specifically the Shkatulka and
Sirenevaya veins. It was difficult to find crystals of
bornemanite suitable for crystal-structure work and
Ferraris et al. (2001) proposed a model for the
crystal structure of bornemanite using selected-area
electron diffraction (SAED), powder X-ray diffrac-
tion (XRD) data and a polysomatic model-building
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approach. They examined a bornemanite sample
(NH-10) from the type locality described by
Men’shikov et al. (1975) from the collection of
the Institute of Ore Deposits, Petrography,
Mineralogy and Geochemistry (IGEM, Moscow,
Russia). They reported the symmetry of bornema-
nite as monoclinic, space group /115, a = 5.498(4),
b = 7.120(6), ¢ = 47.95(4) A, v = 88.1(1)°, V =
1876 A%, and gave the crystal-chemical formula,
(Naj g3Bag.71Ko.12510.06Ca0.04Mg0.01)=3.77

{(N32,64Ti1AooMno‘30Feo‘03A10403)24,00[(Ti 1.27
Nbg.60Z10.01)x1.9702814014](0¢.38(0OH)g.71F .62

Cloo1)z1.72}(PO4)o 52, Z =4, Degro=3.203 g cm .
Note that the calculated density is significantly
smaller than that of Men’shikov et al (1975).
Ferraris et al. (2001) approximated the chemical
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composition of bornemanite as BaNa, sMng s
{Na; Ti[ TINDO,Si4014](09.sOHg 75F0.75) } PO, and
proposed a structure model of bornemanite based
on seidozerite and lomonosovite modules.

Sokolova (2006) questioned the validity of this
model of the bornemanite structure. She consid-
ered the structural hierarchy and stereochemistry
of 24 titanium disilicate minerals containing the
TS (titanium-silicate) block, built up by a
trioctahedral central (O) sheet and two adjacent
heteropolyhedral (H) sheets containing different
polyhedra including (Si,O7) groups. She estab-
lished the relation between structure topology and
chemical composition for those minerals and
divided them into four groups, characterized by
different topology and stereochemistry of the TS
block. Each group of structures has a different
linkage of H and O sheets in the TS block and a
different arrangement of Ti (= Ti + Nb)
polyhedra. In a structure, the TS block can
alternate with another block, an intermediate (I)
block, so called as it is intercalated between two
TS blocks. In Groups I, 11, III and IV, Ti equals 1,
2, 3 and 4 a.p.fu. (atoms per formula unit),
respectively. Sokolova (2006) pointed out that in
bornemanite, Ti equals 3 a.p.f.u. (see ideal
formula of bornemanite above, where Ti + Nb
equals 3 a.p.f.u.). Hence, bornemanite belongs to
Group III and the TS block has to exhibit linkage
1 and the stereochemistry of Group III: Ti occurs
in both the H and O sheets, and two (Si,O)
groups link to trans edges of a Ti octahedron in
the O sheet. In the bornemanite model of Ferraris
et al. (2001), the TS block has linkage 3, as in
Group IV where Ti equals 4 a.p.f.u. Sokolova
(2006) considered the proposed model of the
crystal structure of bornemanite extremely unli-
kely, and suggested that this issue should be re-
examined.

This work is a continuation of our interest in Ti
disilicates in which we have recently revised the
crystal structure and crystal chemistry of delin-
deite (Sokolova and Camara, 2007), barytolam-
prophyllite (Sokolova and Camara, 2008),
nacareniobsite-(Ce) (Sokolova and Hawthorne,
2008a) and nabalamprophyllite (Sokolova and
Hawthorne, 2008b). Here, we present results of a
direct determination of the crystal structure of
bornemanite on holotype sample #75318 (from
the Yubileinaya vein, Karnasurt Mt., Lovosero
alkaline massif, Kola Peninsula, Russia), obtained
from the Fersman Mineralogical Museum,
Moscow, Russia and discuss its crystal chemistry
and relation to the other TS-block minerals.
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Experimental details
Sample description

The single crystal of bornemanite used in this
work is a transparent yellow plate with dimen-
sions 0.165 mm x 0.065 mm x0.010 mm. The
crystal is of good quality and shows no evidence
of elongated lamellae as described by Men’shikov
et al. (1975) and Ferraris et al. (2001). However,
some other crystals did show the presence of
several darker coloured lamellae ~5 um wide.

Electron microprobe (EMP) analysis

A fragment of the bornemanite crystal previously
used for the structure determination was analysed
with a Cameca SX-100 EMP operating in
wavelength-dispersive spectroscopy (WDS) mode
with an accelerating voltage of 15 kV, a specimen
current of 20 nA, a beam size of 10 um and count
times on peak and background of 20 and 30 s for
major and minor elements (<1 wt. %), respectively.
The following standards and crystals were used for
K or L X-ray lines: F: topaz; Na: jadeite; Nb, Ba:
Ba,NaNbsO,s; Si, Ca: diopside; Fe: fayalite; Mn:
spessartine; K: orthoclase; Ti: titanite; Zn: zircon;
Mg: forsterite; Sr: SrTiOs; Al: andalusite; P:
apatite; Zr: ZrO,; Ta: MnTa,04 Data were
reduced using the PAP procedure of Pouchou and
Pichoir (1985). The chemical composition of
bornemanite is given in Table 1 and is the mean
of seven determinations. The empirical formula is
(N36.07MH5.+23C30.06D0.64)27.00(Bao.73K0.13
SruosD0.08)21Aoo(Tiz.osNbosozrvozTa(s)B1F3353
Al 02Mng 56Mgo.01)x3.00(81207)2(P0.9704)0>
[F127(OH)g 74]52.01, Z = 2, calculated on the basis
of 22 (O + F) a.p.fu., and the ideal formula is
Na6IjBaT12Nb(81207)2(PO4)02(OH)F, which is in
good agreement with the structure data.

Data collection and crystal structure refinement

A single crystal of bornemanite was mounted on a
Bruker AXS SMART APEX diffractometer with a
CCD detector and Mo-Ka radiation. The reflection
intensities were collected to 55.99°26 using 30 s
per 0.2° frame, and an empirical absorption
correction (SADABS; Sheldrick, 1998) was
applied. The refined unit-cell parameters for the
triclinic cell (Table 2) were obtained from 8055
reflections with / >10c. The crystal structure of
bornemanite was solved by direct methods with the
Bruker SHELXTL Version 5.1 system of programs
(Sheldrick, 1997) and refined in space group P1 to
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TaBLE 2. Miscellaneous refinement data for bornemanite.

PR O

v ()
V(A%
Space group
Z

Absorption coefficient (mm™")
F(000)

Dcalc. (g/cm3)

Crystal size (mm)
Radiation/filter

20-range for data collection (°)
Rine (%)

Reflections collected

Unique reflections
Independent reflections

F, >4cF

Refinement method

Goodness-of-fit on F>
Final Rgps (%)
[Fo >40F]

R indices (all data) (%)

5.4587(3)

7.1421(5)

24.528(2)

96.790(1)

96.927(1)

90.326(1)

942.4(2)

Pl

2

3.92

902

3.342

0.165 x 0.065 x 0.010
Mo-Kao/graphite
56.00*(55.99)

2.82

14405

5457

4540

4414

Full-matrix least squares on F~,
fixed weights proportional to 1/cF,?
1.323

R, = 6.36

R] = 6.53
wR? = 13.10
GoF = 1.323

* Used for the structure refinement

Ry = 6.36% and a GooF of 1.32. As there were
hardly any observed reflections at large 20 values,
the structure refinement was based on 4414
intensities of unique observed reflections (F,
>4oF) with -7 < h < 7, -9 < k < 9, -32
< [ < 32,20 < 56°. Scattering curves for neutral
atoms were taken from the International Tables for
X-ray Crystallography (1992). The R indices are
given in Table 2, and expressed as percentages.
Site occupancies for the M*(1,2) and MO(1) sites
were refined with the scattering curves of Ti, Nb;
M°(2—3) and A”(2) sites with the scattering curve
of Na; M°(4) site with the scattering curve of Ca;
and A”(1) site with the scattering curves of Ba. In
the final stages of the refinement, four peaks with
magnitudes from 3 to 2 e A3 were found in the
difference-Fourier map and they were labelled
A7(14), M"24), M(2B) and M"(2C) sites.
Refined occupancies of these subsidiary sites are
1% for the A”(14) site and 1.2—2% for the
M1(24), M™(2B) and M"(2C) sites.
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Details of the data collection and structure
refinement are given in Table 2, final atom and
subsidiary-atom parameters are given in Table 3,
selected interatomic distances and angles in
Table 4, refined site-scattering values and
assigned populations for selected sites in
Table 5, and bond-valence values in Table 6. A
list of observed and calculated structure factors
has been deposited with the Principal Editor of the
Mineralogical Magazine and is available from
www.minersoc.org/pages/e_journals/
dep_mat.html.

Structure description
Cation sites

Site nomenclature

The crystal structure of bornemanite can be
described as a combination of a TS block and an
(intermediate) I block. The TS (titanium silicate)
block consists of HOH sheets (H-heteropolyhedral,
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TABLE 4. Selected interatomic distances (A) and angles (°) for bornemanite.

MO(1)—XR(1)
MO(1)—0O(14)a
MO(1)—0O(6)a
Mg(l)—Og)
MO(1)—X8(2)b
MO(1)—0(10)
<M (1)—¢>

Mg(4)70(3)c
MO(4)—og15)
Mo(4)*XA(2)
M0(4)—og 0)
Mo(4) =Xa(1)
M g4)70( 16)
<M™(4)—>

Si(1)-0(3)
Si(1)-0(4)
Si(1)—0(9)b
Si(1)-0(7)
<Si(1)-0>

Si(4)—0(14)
Si(4)-0(11)
Si(4)-0(2)
Si(4)—0(1)d
<Si(4)—0>

P—0(18)
P-O(19)e
P-0(17)
P—0(20)
<P-0O>

BINa(1)—0(18)a
HINa(1)—0(19)g
BINa(1)—0(17)i
BINa(1)—0(1)
<MINa(1)—0>

1.843(6)
1.983(6)
2.003(6)
2.016(6)
2.031(6)

2.038(6)
1.986

2.271(6)
2.278(7)
2.280(6)
2.294(6)
2.315(6)

2.379(6)
2.303

1.609(6)
1.627(6)
1.633(6)

1.672(6)
1.635

1.596(6)
1.598(6)
1.601(6)

1.640(6)
1.609

1.527(7)
1.540(7)
1.544(6)

1.564(6)
1.544

2.209(8)
2.278(8)
2.325(8)
2.398(7)
2.303

MO(2)—0(16)
M°(2)—0(15)b
MO(2)—0(14)
M°(2)-0(3)
M°(2)-0(10)
(0]

M°2)-0(6)
<M°(2)-0>

MY (1)—0(16)
M;‘(l)—om)
M'(1)-0(9)
M (1)—0(12)
M”g)—O(s)
M"(1)-0>

Si(2)—0(10)
Si(2)-0(13)
Si(2)-0(8)
Si(2)-0(1)
<Si(2)-0>

Si(1)—0(7)-Si(3)a
Si(2)—0(1)-Si(4)a

AP(2)—0(17)a
A£(2)—XA(1)
AP(2)—0(2)a
AP(2)—-0(13)c
AP@)—-o(1D)f
AP(2)—-0(1)c
A;(z)fO(l)

A (2)-0(®)g
<AT(2)—¢>

BINa(2)—0(18)]
INa(2)—0(20)
BINa(2)—0(19)h
BINa(2)—0(17)a
<M*INa(2)-0>

2.308(7)
2.313(7)
2.484(6)
2.513(7)
2.548(7)

2.577(7)
2.457

1.678(6)
1.985(6)
1.987(6)
1.989(6)

1.996(6)
1.927

1.606(6)
1.622(6)
1.628(6)

1.658(6)
1.629

134.6(4)
134.6(4)

2.311(7)
2.324(6)
2.407(7)
2.579(7)
2.697(8)
2.727(7)
2.735(7)

2.792(7)
2.572

2.227(8)
2.315(7)
2.375(8)
2.418(7)
2333

Mg(3)70(14)
MO(3)-0(6)c
Mg(?,)fXA(Z)d
M(3)-0(16)
MO(3)-XR(1)d
MO(3)-0(15)
<M¥(3)—¢>

MT(2)—0(15)
M'(2)-0(2)
M"(2)-0(11)c
M}:(Z)—O(S)
MH(2)-0(13)c
M(2)—0(22)
M"(2)-0>

Si(3)-0(6)
Si(3)-0(5)
Si(3)-0(12)b
Si(3)—0(7)d
<Si(3)-0>

A£(1)70(9)
AP(1)—-0(5)a
A£(1)70(4)
AP(1)—0(12)a
AP(H—0(7)
AP(1)—0(7)c
AT(1)-0(4)g
A (1)-0(5)g
AP(1)-0(9)h
A”(1)-0(12)h
<A"(1)-0>

Na(3)—0(18)
Na(3)-0(19)g
Na(3)—0(20)b
Na(3)—0(13)a
Na(3)—0(11)
Na(3)—0(8)
<Na(3)-0>

2.266(7)
2.270(7)
2.301(6)
2.372(7)
2.517(7)

2.540(7)
2.378

1.746(6)
1.953(6)
1.968(6)
2.017(6)
2.033(6)

2.243(6)
1.993

1.593(6)
1.624(6)
1.630(6)

1.674(6)
1.630

2.763(6)
2.765(6)
2.772(5)
2.780(5)
2.853(5)
2.863(5)
2.908(6)
2.921(6)
2.935(6)

2.936(6)
2.850

2.237(7)
2.319(7)
2.496(7)
2.497(7)
2.585(7)
2.619(7)
2.459

¢: O, OH, F

a x,y—1,z; b:x=1,y, z; c: xt1, y, z; d: x, y+1, z; e: x, y, z—1; f x+1, y—1, z; g0 —x+1, —p+1, —z+1;

h: —x+2, —y+1, —z+1; it x—1, y—1, z; j: —x+1, —p+1, —z.

O-octahedral). Here we use the (HOH) notation of
Ferraris et al. (1996). We divide the cation sites
(Table 3) into 4 groups: M sites of the O sheet,
M and Si sites of the H sheet, peripheral 4 sites,
and sites of the I block; site labelling is in accord
with Sokolova (2006). Also in accord with
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Sokolova (2006), we label anions X©, X" and X”
(anions of O and H sheets and peripheral anions);
X = common vertices of M and M polyhedra;
X8 = common vertices of M® and A” polyhedra;

XL and X5 =

apical anions of M" and A”

polyhedra at the periphery of the TS block.
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TABLE 5. Refined site-scattering (e.p.f.u.) and assigned site-populations (a.p.f.u.) for bornemanite.

Site Refined Site population Calculated <X-0>care.* <X-0>obs.
site-scattering site-scattering (A) (A)

MO(1)#* 22.0(4) 0.85 Ti + 0.06 Mn>" + 233 1.987 1.986
0.05 Nb*" + 0.02 Zr +
0.01 Ta>" + 0.01 Mg

MP(2) 11.0(4) 0.95 Na + 0.05 [J 10.5 2.400 2.457

MO(3) 11.0(4) 0.90 Na + 0.10 [J 9.9 2.400 2378

MO(4) 13.9(2) 0.65 Na + 0.23 Mn*" + 12.9 2.343 2.303
0.12 O

BlaM(1) 22.0(4) 0.90 Ti + 0.05 Nb°>" + 229 1.894 1.927
0.03 Fe** + 0.02 A"

M1(2) 35.3(4) 0.70 Nb°>* + 0.30 Ti 353 2.009 1.993

O147(1) 46.8(2) 0.73 Ba + 0.13 K + 45.6 2.899 2.850
0.06 Sr + 0.08 [J

B 4P()# 11.0(5) 0.62 Na + 0.06 Ca + 8.0 2.548 2.572
032 O

HINa(1) 11.0(4) 1.00 Na 11.0 2.370 2303

MINa(2) 11.0(4) 1.00 Na 11.0 2.370 2333

Na(3) 11.0(4) 0.95 Na + 0.05 [J 10.5 2.400 2459

Hp 15.0(2) 1.00 P 15.0 1.550 1.544

* Calculated by summing constituent ionic radii; values from Shannon (1976), ¢ = O, (OH), F.

** Coordination number is given only for non-[6]-coordinated sites.

*** See discussion in the text.

The ideal formula of bornemanite, Nag[[]1BaTi,
Nb(Si,07)2(PO4)0,(OH)F, Z = 2, will be
discussed below. We consider it here to explain
the rational of the cation site assignment. The
anion part of the formula, (Si,07),(POy)
O,(OH)F, has an aggregate charge of —21, and
the electroneutrality of the formula requires a
charge of +21 at 11 cation sites, M°(1—4),
MU(1,2), A”(1,2), Na(1-3) (Table 3). However,
the ideal formula lists 10 cations per formula unit,
NagBaTi,Nb and a vacancy. Three sites, Ti,Nb,
represent Ti + Nb = 3 a.p.fu.; one site, 47(1),
equals ~1 Ba a.p.f.u. We know that Ti(Nb) sites
are always fully occupied in Ti-disilicate minerals
and we have to assign all Ti, Nb and other minor
elements to these three sites. The structure
refinement gives seven Na-dominant sites
(Tables 3, 4, 5). The chemical analysis gives
6.07 Na + 0.23 Mn*" + 0.06 Ca + 0.64 ] =
6.36 a.p.f.u, i.e. <6.5 a.p.f.u. (Table 1). Therefore
we write the total content of seven Na-dominant
sites as Nag in the ideal formula and distribute
0.64 [ (vacancies) over these seven sites in
accord with interatomic distances (Table 4) and
bond-valence sums on anions and cations.
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O sheet

In the crystal structure of bornemanite, the
MO(1) site is primarily occupied by Ti, with minor
Nb, Mn?*, Zr, Ta and Mg, and is coordinated by
four O atoms and two monovalent X% anions (see
section on anion sites below) with a <M°(1)—p>
distance of 1.986 A (@ = unspecified anion)
(Tables 3, 4, 5). The occurrence of both Ti and
Mn®" at a single site in the O sheet has been
observed previously in another Ti disilicate
mineral, sobolevite, Na;,Ca(Na,Ca,Mn)
Tiz(Ti,Mn)(Si207)2(P04)403F3 (Sokolova et al.,
2005). There are three [6]-coordinated sites
primarily occupied by Na. The M°(2) and M°(3)
sites are 90 and 95% occupied by Na, respectively
(Table 5). The M°(2) site is coordinated by six O
atoms and the M°(3) site is coordinated by four O
atoms and two X% anions, with <M®(2)—O> and
<MO(3)—¢> distances of 2.457 and 2.378 A,
respectively. The MO(4) site, NagsMn3a3o.i2
a.p.fu. (Table 5), is coordinated by four O atoms
and two X% anions, with a <M°(4)—¢> distance of
2.303 A. The occurrence of both Na and Mn>" at
one site is fairly common in Ti-disilicate minerals;
it has been described previously in vuonnemite,
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Na;(Na,Mn?")4Ti*" (Nb,Ti*"),(S1,07)»(PO4)»
O3(F,OH) (Ercit et al., 1998), quadruphite,
Na14CazTi4(Si207)2(PO4)4O4F2 (Sokolova and
Hawthorne, 2001) and polyphite, Nas(NasCa,)
Tiy(Si1,07)(PO4);0,F; (Sokolova et al., 2005).

H sheet

There are four tetrahedrally coordinated sites
occupied by Si with a <Si—O> distance of
1.631 A (Table 4) and two M™ sites. The
[5]-coordinated M"(1) site is occupied mainly
by Ti (Table 5). The MH(1) site is coordinated by
five O atoms, with a <M"™(1)—O> distance of
1.927 10\; the very short M™(1)—0O(16) distance of
1.678 A (Table 4) is in accord with the structure
topology of Group III minerals (see figure 32 in
Sokolova, 2006). O(16) is the X% anion in the
terminology of Sokolova (2006). The [6]-coordi-
nated Nb-dominant M(2) site is coordinated by
six O atoms, with a <M"(2)—O> distance of
1.993 A (Table 4); this site is occupied mainly by
Nb (see Table 5). The shortest MY(2)—O(15)
distance of 1.746 A is from the MI(2) site to
another X anion. The two MY sites occur in
different H sheets of one TS block.

Peripheral AP sites

In bornemanite, there are two chemically
distinct peripheral sites, AP(1) and 47(2). The
[10]-coordinated 47(1) site is occupied mainly by
Ba, Bag 73K 1381006 0. 08, a.p- fau. There are ten
AP (1)—-O distances <3 A (Table 4), and one
longer distance, A”(1)—-X%(1) = 3.118 A. We
consider the A”(1) site as [10]-coordinated, with a
<AP(1)—0> distance of 2.792 A. At the 4”(1)
site, Ba®™ > Sr¥" + Ca®" and we write the ideal
composition of this site as Ba. The 4”(2) site is
coordinated by seven O atoms and the mono-
valent X%(2) anion, and it is occupied by
Nao 62C&0 06032 a.p. fu with <AP(2) o> =
2.572 A. Partial occupancy of the A”(2) site was
also observed in the crystal structure of epistolite
(Sokolova and Hawthorne, 2004).

1 block

There are two types of I block in the structure
of bornemanite, I; and I,. The I; block comprises
A”(1) sites which are shifted from the H sheet into
the intermediate space between two TS blocks
(note the long distance from the 4°(1) site to the
XR(1) anion in the O sheet, A"(1)—XR(1) =
3.118 A. The I, block contains the Na and P sites.
There are two Na sites, Na(l) and Na(2), and
these are tetrahedrally coordinated by O atoms
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with a range of <Na—O> distances from 2.209 to
2.418 A. There is one Na(3) site, coordinated by
six O-atoms with a <Na(3)—0O> distance of 2.459
A. Coordination numbers of the Na atoms are in
reasonable accord with the bond-valence require-
ments of the O atoms (Table 6). There is one
tetrahedrally coordinated P site, solely occupied
by P, with a <P—O> distance of 1.544 A, close to
the grand <P—O> distance in minerals of 1.537 A
given by Huminicki and Hawthorne (2002).

Anion sites

There are 18 anion sites, O(1)—0O(14) and
0(17)—0(20), occupied by O atoms which form
the tetrahedral coordination of the Si and P atoms,
respectively (Tables 4, 5, 6). There are two O
sites, O(15) and O(16), which are common anions
for the M polyhedra and three octahedra of the O
sheet, M®(2—4) (Table 6). There are two X5 sites
which receive bond valences of 1.19 and
1.03 v.u., respectively (Table 6), and hence are
monovalent anions. The chemical analysis gives F
= 1.27 and OH = 0.74 a.p.fu. (Table 1), and we
assign F;,70Hg 75 to these two sites. Ideally, the
two X% sites give F(OH) a.p.fu.

Structure topology
The TS block

In the Ti disilicate minerals (Sokolova, 2006), the
TS block consists of HOH sheets where H is a
heteropolyhedral sheet including (Si,0O;) groups,
and O is a trioctahedral close-packed sheet. In the
crystal structure of bornemanite, the O sheet is of
the form M°XS, where M© are cations and X are
anions. Structures with the TS block have a
characteristic two-dimensional minimal cell in the
plane of the O sheet, with #; ~ 5.5 and £, ~
7.1 ;\, t; "t ~ 90° and this minimal cell
contains 4 [M®X?]. In bornemanite, the O sheet
comprises M(1—4) octahedra (Fig. 1a) and its
cation content is NazTi (4 a.p.fu.). In the H
sheets, (SiO4) tetrahedra link together to form
(S1,05) groups. There are two distinct H sheets in
bornemanite. In the H; sheet, (Si,07) groups and
[5]-coordinated Ti-dominant M"(1) polyhedra
share common vertices to form the sheet as in
other Ti disilicate minerals (Fig. 15). In the H,
sheet, (Si;0) groups share common vertices with
Nb-dominant M"(2) octahedra (Fig. 1¢). The
topology of both H sheets is identical except for
the coordination of the M sites. In the H; and H,
sheets, the peripheral 4” sites are occupied by Ba
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Details of the crystal structure of bornemanite. (a) The close-packed octahedral (O) sheet; (b) the

heteropolyhedral (H) sheets Hy; and (¢) H,. (d) shows the TS block viewed down [100]; (e) the intermediate (I)
blocks I;; and (f) I,. The (SiO,) tetrahedra are orange, Ti*"- and Nb>"-dominant polyhedra are yellow, Na-dominant
octahedra are navy blue, Na tetrahedra are turquoise, atoms at the A”(1) and A”(2) sites are shown as maroon and
navy blue circles, respectively, monovalent X% anions are shown as small red spheres. In (a), labels 1, 2, 3, 4
correspond to MO(1), M°(2), M°(3) and M°(4) octahedra, respectively; in (b) and (c), labels 1, 2, 3, 4 correspond to
Si(1), Si(2), Si(3) and Si(4) tetrahedra, respectively; in (e) and (f), m = number of cation layers in the I block.

and Na, respectively (see discussion of the (I)
block below). The [10]-coordinated AP(1) cations
are shifted from the plane of the H; sheet to just
above the centres of the large voids in the H;
sheet. The [8]-coordinated A”(2) cations are
located in the plane of the H, sheet. The H and
O sheets link via common vertices of MH, Si and
M® polyhedra to form the TS block parallel to
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(001) (Fig. 1d). In bornemanite, the TS block
exhibits linkage 1 and stereochemistry typical of
Group III (Sokolova, 2006): two H sheets connect
to the O sheet such that two (Si,05) groups link to
the trans edges of the Ti octahedron of the O
sheet. In this case, the H; and H, sheets are
related by a pseudo-mirror plane (m) coinciding
with the plane of the O sheet.
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The I blocks

In bornemanite, the TS blocks do not link directly
through the apical vertices of the MY(2)
octahedra, they alternate with I blocks, Iy and I,.

A layer of A”(1) atoms (hereafter called an I
layer) forms the I; block (Fig. le). In the I; block,
which is a layer of A”(1) atoms (m = 1, where m is
the number of I layers; Sokolova, 2006). The
atoms are arranged in a close-packed fashion
where each is surrounded by six others at
approximately equal distances of 5 A. There are
four AP(1) cations in the minimal cell. The
composition of the I; block is A”(1), or ideally
Baz.

The I, block has two I layers (m = 2) between
adjacent TS blocks (Fig. 1f). Each I layer consists
of [4]- and [6]-coordinated Na(1—3) polyhedra
and (PO,) tetrahedra. In the I layer, Na polyhedra
share vertices, edges and faces, whereas (POy)
tetrahedra share common vertices with Na
polyhedra and M"(2) and A”(2) polyhedra. The
two I layers are parallel to (001) and are related
by an inversion centre. Therefore the topology
and chemical composition of these two I layers of
polyhedra are identical. All cations in this I layer
are close-packed, and there are four cations, 3 Na*
+ P', in the minimal cell. Two I-layers link
together through common vertices of Na and P
polyhedra. The composition of the I, block is
2[Na3(PO4)].

The general structure

The crystal structure of bornemanite (Fig. 2a)
consists of TS and I blocks alternating along the
¢ axis. There are two TS blocks and two I blocks,
I, and I, per ¢ cell-parameter. Bornemanite is the
only Ti disilicate mineral currently known with
two different types of I block. Note that the two
TS blocks are related by an inversion centre (and
hence are identical). The TS block exhibits the
stereochemistry of Group III where Ti equals
3 a.p.f.u. (Sokolova, 2006) and this is the key to
understanding the relation of bornemanite to other
Ti disilicate minerals.

The chemical formula of bornemanite

We write the chemical formula of bornemanite as
the sum of the TS and I blocks. In accord with
Sokolova (2006), the formula for the TS block of
Group III minerals is AfBI;MzHM?(SiZOﬂZX?
XE,XE,, where AT and B are cations at the
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peripheral (P) sites; M and M© are cations of the
H and O sheets; X° are anions of the O sheet; Xk
and XX are apical anions of the M™ and A” cations
at the periphery of the TS block. In bornemanite,
A5 = A”(1) + A"(2) = Ba + (Nag 6:Cag.06[J032);
B = 0; MY = MP(1) + MP(2) = Ti,Nb; M =
(Nay 5o0Mng 23[Jo.27) Ti; X§ = O, (OH)F; Xi;, and
X%, =0, as only polyhedra of one H sheet, H,,
have two anions at the periphery of the TS block,
they are O(15) and O(16). Hence, we write the
ideal composition of the TS block as (Nags[Jo.s)
BaTle(Naz5D05)T1(81207)202(0H)F, zZ = 2.
There are two I blocks in bornemanite: the I
block comprises the A47(1) sites, which have
already been counted in the formula of the TS
block; the I, block includes Na(1—3) sites and
(POy) tetrahedra, hence we write its composition as
Na;(POy) per formula unit. The TS and I, blocks
are totalled to write the ideal structural and mineral
formula for bornemanite: Nas 5[] sBaTiNbNa, s
D0_5Ti(Si207)2 (PO4)02(OH)F and Na6DBaTi2Nb
(Si,07)2(PO4) O,(OH)F, respectively, with Z = 2.
These can be compared with the empirical formula
from the EMP analysis: (Na6_07Mn%E3Ca0_O6
(o.64)x7.00(Bag.73K0.13510.06[0.08)x1.00(Ti2.05
Nbo.sozro.ozTaSB1F68§)3A10.02MH%§)6Mg0.01)23.00
(81207)2(P0.9704)O; [F 27(OH)0 74]52.01-

Related minerals

There are six other minerals in Group III:
lamprophyllite, nabalamprophyllite, barytolam-
prophyllite, innelite, epistolite and vuonnemite
(listed in Table 7). Apart from innelite, these
minerals contain an invariant core of the TS
block, Ma'M$(S1,0,),X?, MY = Ti, Nb; M =
Na;Ti (for innelite, MY = Na,CaTi, however we
believe the crystal structure of innelite requires
re-examination). In these minerals, the TS blocks
do not link directly. The TS blocks alternate with
I blocks as in bornemanite, apart from in the
epistolite structure.

There are two types of I block in bornemanite.
The 1; block is of composition AP(1), =
Ba 46K0.26S10.12[J0.16 and is topologically iden-
tical and chemically similar to the I block (BaK)
in barytolamprophyllite (Fig. 2b). It is interesting
that the aggregate charge of the I; block is +3.42,
i.e. <+4.00 for the ideal composition Ba,. Hence
the ideal integer charge of the I; block can be
written as +3.00 rather than +4.00. This is in
accord with Sokolova (2006) who wrote the
general formula for lamprophyllite, barytolam-
prophyllite and nabalamprophyllite as
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F1G. 2. The crystal structures of: (a) bornemanite projected onto (100); and related minerals (b) barytolamprophyllite
projected onto (001); and (¢) vuonnemite projected onto (100). Legend as in Fig. 1.

(AT AMEME(S1,07),X9 where A** and A"
cations constitute the I block, and have a total
charge of +3. Although in bornemanite the ratio
APTA # 1:1, the presence of vacancies makes
the ideal aggregate charge +3.

The I, block is of composition 2[Na3(PO,4)] and
is topologically similar to the I block in
vuonnemite (Fig. 2b) (except for the coordination
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numbers of the Na atoms). In the I, block in
bornemanite, two Na atoms, Na(1) and Na(2), are
[4]-coordinated and one atom, Na(3), is [6]-coor-
dinated. In vuonnemite, the three Na atoms are
[4]-, [5]- and [6]-coordinated (Fig. 2c¢).

In both vuonnemite and barytolamprophyllite,
the origin of the unit cell and the corresponding
inversion centre occur within the O sheet of the
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TS block (Figs. 2¢ and 2b). In vuonnemite and
barytolamprophyllite, two H sheets of the TS
block are identical and are related by the
inversion centre. In bornemanite, two H sheets
differ in the M’ and A” sites and are not identical.
Hence, inversion centre cannot occur in the O
sheet of the TS block. In the bornemanite
structure, the inversion centre occurs within the
I blocks (Fig. 2a).

On the symmetry of bornemanite

Men’shikov et al. (1975) reported orthorhombic
symmetry for bornemanite, a = 5.48, b =7.10, ¢ =
48.2 A, V = 18754 A3, with possible space
groups Imma and Ima2. Ferraris et al. (2001)
reported monoclinic symmetry, a = 5498, b =
7.120, ¢ =47.95 A, y = 88.1°, V= 1876 A>, space
group [11h. Our work indicates the triclinic
symmetry, a = 54587, b= 7.1421, ¢ = 24.528
A, 0=96.790, B =96.927, v = 90.326°, V' =942.4
A3, space group P1. We know that that this
symmetry is correct due to the following
evidence. We merged the single-crystal XRD
data for bornemanite on three unit cells of
different symmetry: orthorhombic, monoclinic
and triclinic, with values for R, of 56.0, 29.8
and 2.82%, respectively. The latter value clearly
indicates that the triclinic symmetry is correct.

Our triclinic primitive unit cell (V' = 942.4 A3 )
can be related to an /-centred cell with a double
volume, a = 5.459, b = 7.142, ¢ = 48.367 A, o =
91.55, B=90.59, v = 89.67°, V; = 1884.8 A’,
space group /1 by the transformation matrix [—1 0
0,010, —1-1=-2], V:V; = 1:2. The latter
I-centred cell corresponds to the orthorhombic
(Men’shikov et al., 1975) and monoclinic
(Ferraris et al., 2001) I-centred cells previously
reported for bornemanite. Note that all three
angles in the triclinic / cell are close to but not
equal to 90°.

We calculated the powder pattern from the
atom coordinates of the crystal structure of
bornemanite presented here and compared it
with the experimental powder XRD patterns of
Men’shikov et al. (1975) and Ferraris et al. (2001)
in Table 8. The calculated powder pattern fits the
experimental powder patterns very well.
However, note that due to preferred orientation
(bornemanite has perfect cleavage on (001)),
basal reflections of the type (00/) have a greater
intensity in the experimental powder patterns.

Our conclusion is that the true symmetry of
bornemanite is triclinic, with space group P1.
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Conclusions

(1) In this work, we report the crystal structure of
bornemanite, ideally NagBaTi,Nb(Si,O7),
(PO4)O,(OH)F, triclinic, a = 5.4587, b = 7.1421,
c=24.528 A, 5= 96.790, p=96.927, v = 90.326°,
V=9424 A3, space group P1, Z = 2, Dy, =
3.342 g cm .

(2) The structure of bornemanite is as predicted
by Sokolova (2006). In bornemanite, the TS block
exhibits linkage 1 and stereochemistry typical of
Group III TS-block minerals: two H sheets
connect to the O sheet such that two (Si,O,)
groups link to the #rans edges of a Ti octahedron
of the O sheet. The O sheet cations give Na3Ti
(4 a.p.fu.) in accordance with Group III.

(3) There are two H sheets in bornemanite, H;
and H,, and their topology is identical except for
coordination of the M" sites, M(1) = B'Ti and
MP(2) = INb. In the H, and H, sheets, the
peripheral A” sites are occupied by Ba and Na,
respectively.

(4) In bornemanite, TS blocks do not link
directly through apical vertices of polyhedra of the
H sheets, but alternate with (intermediate) I blocks.
A layer of Ba atoms forms the first I; block, with
the second (I, block) consisting of [4]- and [6]-
coordinated Na polyhedra and (PO,) tetrahedra.

(5) TS and I blocks alternate along the ¢ axis to
form the crystal structure of bornemanite, with
two TS blocks and two I blocks per ¢ cell-
parameter. The two TS blocks are related by an
inversion centre and are identical.
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