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Abstract

Ferroinnelite, Ba,Ti,Na(NaFe”")Ti(Si,0;),[(SO4)(P0,)]O,[O(OH)] is a new mineral from the
Phlogopite deposit, Kovdor alkaline massif, Kola Peninsula, Russia. In an agpaitic pegmatite,
ferroinnelite occurs as transparent elongated platy to tabular crystals up to 0.15 mm long.
Associated minerals are cancrinite, orthoclase, aegirine-augite, magnesio-arfvedsonite,
golyshevite and fluorapatite. The mineral is yellow to yellow brown with a vitreous luster and a
white streak, D¢y is 4.088 g/cm3. Ferroinnelite is triclinic, space group P1,a 5.3994(8), b
7.09239(13), ¢ 14.7345(4) A, a 98.4086(19), B 94.3275(18), y 90.0133(13)°, V 556.56(8) A°.
The chemical composition of ferroinnelite is SO35.47, Nb,Os 0.45, P,Os 4.59, Zr0,0.13, TiO,
16.91, SiO, 17.55, Al,0O; 0.06, BaO 42.83, SrO 1.01, FeO 3.34, MnO 0.97, CaO 0.09, MgO
0.64, K,0 0.01, Na,0 4.47, H,0 1.11, F 0.15, O = F -0.06, total 99.72 wt.%, with H,O calculated
from structure refinement. The empirical formula calculated on 26 (O + F) apfu is
(N31.95F32+0.64Mgo.21|\/|n2+o.19C30.02)23.01(33-3.84Sf0.13Nao.os)z4.oo(Ti2.91Nbo.osAlo.ozzro.mMgom)23.00
Si4.02S0.04P0.89H1.7002580F0.11, Z = 1. The crystal structure was refined to an R; index of 7.45%
from 4485 unique reflections (F, > 40F). The structure is a combination of a TS (titanium
silicate) and an | (intermediate) blocks. The TS block consists of HOH sheets (H -
heteropolyhedral, O - octahedral). The O sheet is composed of Ti-, Na- and (Na,Fe*)-
octahedra, the H sheet, of P!Ti-polyhedra and Si,O- groups. The | block contains T sites,
statistically occupied by S and P, and Ba atoms. Ideal compositions of the TS and | blocks are
{Ti,Na(NaFe*")Ti(Si,0,),0,[O(OH)]}*" and {Ba.[(SO.)(PO.)]}*". Ferroinnelite is a new member of
the lamprophyllite group of the seidozerite supergroup. It is isostructural with innelite-1A,

Ba, Ti;Na(NaMn?*)Ti(Si,07),[(SO.)(PO,)]0.[O(OH)]. Ferroinnelite and innelite are related by the
following cation substitution at the M°3 site in the O sheet: Fe*', < Mn**,,,. IR and Raman

spectroscopies confirm presence of OH and H,O groups in ferroinnelite and innelite.

Keywords: ferroinnelite, innelite-1A, crystal structure refinement, EMP analysis, IR and Raman

spectroscopies, chemical formula, lamprophyllite group, seidozerite supergroup.



Introduction
This paper reports the description and crystal structure of ferroinnelite, ideally
Ba,Ti;Na(NaFe”")Ti(Si,0;),[(SO4)(PO,)]0,[O(OH)], a new mineral of the lamprophyllite group
(seidozerite supergroup) from the Phlogopite deposit, Kovdor alkaline massif, Kola Peninsula,
Russia. In 2008, we were looking for phosphoinnelite to do its crystal structure. We were
working with a sample of phosphoinnelite from Kovdor from the mineral collection of the late
Adriana and Renato Pagano, Milan, Italy (Collezione Mineralogica, sample 9530). We
microprobed several crystals but could not find any crystal of phosphoinnelite,
BayNasTi3Si4014(P04,S0,4)2(0,F)s, with P > S (Pekov et al., 2006). In sample 9530, we
discovered a new mineral that we named ferroinnelite. We returned sample 9530 to Renato,
except for several crystals that we had microprobed. Adriana and Renato Pagano passed away
three years ago; since then, all our attempts to get hold of this sample failed. In this paper, we
report experimental results obtained on three crystals of ferroinnelite: crystal 1 (0.120 x 0.100 x
0.025 mm) — crystal-structure refinement #1 and chemical analysis; crystal 2 (0.140 x 0.070 x
0.035 mm) — IR and Raman spectroscopies, crystal 3 (0.127 x 0.097 x 0.046 mm) — crystal-
structure refinement #2. The new mineral and its name have been approved by the Commission
on New Minerals, Nomenclature and Classification, International Mineralogical Association (IMA
2024-029). The holotype sample of ferroinnelite [a probe mount of the twinned crystal 1 (0.120 x
0.100 x 0.025 mm)] has been deposited in the collections of the Department of Natural History,
Royal Ontario Museum (ROM), Toronto, Canada, catalogue number M61038.

Ferroinnelite is a Fe** structural analogue of innelite-1A, ideally
Ba,Ti;Na(NaMn®")Ti(Si,0;),[(SO4)(PO.,)]O,[O(OH)] (Sokolova et al., 2011; Sokolova and
Camara, 2017).

General information on the seidozerite supergroup

There are currently fifty-two TS-block minerals (TS = Titanium Silicate) in the seidozerite
supergroup (Memorandum 56-SM/16, Sokolova and Camara, 2017), forty-five of which are
listed in Sokolova and Camara (2017); since then, surkhobite has been discredited (IMA 20-A),
and eight new mineral species have been added: shkatulkalite,
Na;Nb,NasTi(Si,07),0,(FO)(H.0)4(H.0); (Men’shikov et al., 1996, Zolotarev et al., 2018,
Sokolova et al., 2022a), selivanovaite, Fe3+E|Ti2NaEITiZ(Si207)204(H20)4 (Pakhomovsky et al.,
2018; Sokolova et al., 2022b), rinkite-(Y), Cax(CaY)Na(NaCa)Ti(Si,O;).(OF)F, (Pautov et al.,
2019), fluorbarytolamprophyllite, (BaK)Ti,NasTi(Si»,0O,).0,F, (Filina et al., 2019), bortolanite,
Cay(CaysZros)Na(NaCa)Ti(Si»07),(OF)F, (Day et al., 2022), nacareniobsite-(Y),



Ca,(CaY)NasNb(Si»0,)(OF)F, (Agakhanov et al., 2023), nacareniobsite-(Nd),
Ca,(CaNd)NazNb(Si,O),(OF)F, (IMA2023-012) and ferroinnelite (IMA2024-029).

The TS block is the main structural unit in all seidozerite-supergroup structures; it
consists of a central O (Octahedral) sheet and two adjacent H (Heteropolyhedral) sheets; Si,O-,
groups occur in the H sheets. The TS block is characterized by a planar minimal cell based on
translation vectors, t; and t,, the lengths of which are t; ~5.5and t, ~ 7 A, and t; * t, is close to
90°. Minerals of the seidozerite supergroup are divided into four groups based on the content of
Ti and the topology and stereochemistry of the TS block: in the rinkite, bafertisite, lamprophyllite
and murmanite groups, Ti (+ Nb + Zr + Fe*" + Mg + Mn) = 1, 2, 3 and 4 apfu (atoms per formula
unit) per (Si,0-),, respectively (Sokolova, 2006; Sokolova and Camara, 2013, 2018). The
seidozerite supergroup is based on a quantitative classification as minerals of each group have
a fixed content of Ti (+ Nb + Zr + Fe** + Mg + Mn). Each group of minerals has a TS block with
a different (1) content of Ti (+ Nb + Zr + Fe*" + Mg + Mn), (2) topology defined by the type of
linkage of H and O sheets, and (3) stereochemistry of Ti (+ Nb + Zr + Fe** + Mg + Mn)
(Sokolova, 2006). There are three topologically distinct TS blocks based on three types of
linkage of two H sheets and the central O sheet (Sokolova, 2006). Linkage 1 occurs where two
H sheets connect to the O sheet such that two Si,O; groups on opposite sides of the O sheet
link to trans edges of the same octahedron of the O sheet. Linkage 2 occurs where two Si,O-
groups link to two octahedra of the O sheet adjacent along t,. Linkage 3 occurs where two Si,O-
groups link to two octahedra adjacent approximately along t;. All TS-block structures consist
either solely of TS blocks or of two types of block: the TS block and an | (Intermediate) block
that comprises atoms between two TS blocks. Usually, the | block consists of alkali and alkaline-
earth cations, H,O groups and oxyanions (PO,)*", (SO4)* and (CO;)*". The general formula of
the TS block is as follows: A”,B”,M™,M°4(Si,07)2X4:n, where M", and M, are cations of the H
and O sheets; M" = Ti, Nb, Zr, Y, Mn, Ca + REE, Ca; M° = Ti, Zr, Nb, Fe**, Fe**, Mg, Mn, Zn,
Ca, Na; A” and B are cations at the peripheral (P) sites = Na, Ca + REE, Ca, Zn, Ba, Sr, K; X
are anions = O, OH, F, H,0; X4:n = X% + X7, n =0, 1, 1.5, 2, 4; X” = X7, and X", = apical
anions of the M™ and A® cations at the periphery of the TS block. There are four types of self-
linkage between adjacent TS blocks (Sokolova, 2006): [1] TS blocks link directly through
common edges of M" and A® polyhedra, and common vertices of M", A” and Si polyhedra of the
H sheets belonging to two TS blocks. [2] TS blocks link through common vertices of Ti(+ Nb)
octahedra, and the | block has one layer of cations (m = 1). [3] TS blocks do not link directly,
additional cations do not occur in the | space (m = 0), and TS blocks are connected through

hydrogen bonds of H,O groups at the X " sites. [4] TS blocks do not link directly, and there are



additional layers of cations in the | block (m = 1-6).

Sokolova and Camara (2013) introduced the concept of basic and derivative structures
for TS-block minerals. A basic structure has the following four characteristics: (1) There is only
one type of TS block. (2) The two H sheets of the TS block are identical. (3) There is only one
type of | block or it is absent. (4) There is only one type of self-linkage of TS blocks. Basic
structures obey the general structural principles of Sokolova (2006). A derivative structure has
one or more of the three following characteristics: (1) There is more than one type of TS block.
(2) There is more than one type of | block. (3) There is more than one type of self-linkage of TS
blocks. A derivative structure is related to two or more basic structures of the same group: it can
be derived by adding these structures via sharing of the central O sheet of the TS blocks of
adjacent structural fragments which represent basic structures. There are five seidozerite-
supergroup minerals with derivative structures, four of them occur in the lamprophyllite group.

In the lamprophyllite group, the TS block is characterised by Ti (+ Nb + Fe** + Mg) = 3
apfu; Ti occurs in the H sheets (2 apfu) and the O sheet (1 apfu). Linkage 1 occurs: Si,O;
groups of the two H sheets link to trans edges of the Ti octahedron of the O sheet. In the crystal
structures of the lamprophyllite-group minerals, TS blocks either alternate with | blocks, self-
linkage [4] occurs or connect via hydrogen bonding between H,O groups at the X * sites, self-

linkage [3] occurs.

Previous work on innelite

Kravchenko et al. (1961) described innelite, (Na,Ca,Mg,Fe*",Fe?");(Ba,K,Mn).(Ti,Al)3Si4024
(OH,F)15- 1.15S, from the Inagli massif, Yakutia, Russia. They reported triclinic symmetry, a
chemical analysis (they did not analyze innelite for phosphorous) and deposited the holotype
sample at the Fersman Mineralogical Museum, Moscow, Russia (sample #81801, collections of
S.M. Kravchenko and A.F. Efimov).

Chernov et al. (1971) solved the crystal structure of innelite on a single crystal from the
holotype sample #81801, described the main features of the structure topology and wrote its
ideal formula as Na,Bas(Ba,K,Mn)(Ca,Na)Ti(TiO,), [Si,0;],(SO,4).. Based on the structure work
of Chernov et al. (1971), Sokolova (2006) considered innelite a TS-block mineral and wrote its
ideal formula as Na,CaBa,Ti3[Si,07],(S0O,)204,.

Pekov et al. (2006) reported a chemical composition for innelite from the Inagli and
Kovdor massifs, emphasizing that innelite contains P (with S > P) and wrote an “ideal” formula
of innelite as Bay(Na,Ca);Ti3Siys014(S04)2(0,0H,F),; however, they did not list H,O in the

chemical analyses and did not include (PO,) in the formula.



In 2008, we obtained a fragment of the holotype sample of innelite (#81801, Inagli,
Yakutia, Russia, Fersman Mineralogical Museum) for a comprehensive study using single-
crystal X-ray diffraction, EMPA and HRTEM. Transmission electron microscopy showed that the
sample is an intergrowth of two innelite polytypes, and the crystal structures of innelite-1T
(space group P 1) and innelite-2M (space group P2/c; v = 2¢11) were solved and refined
(Sokolova et al., 2011). The crystal structure of innelite is a combination of a TS block which
consists of HOH sheets and an | block. The | block contains T sites, statistically occupied by S
and P, and Ba atoms. Innelite-1T is innelite as described by Kravchenko et al. (1961) and
Chernov et al. (1971). Sokolova et al. (2011) wrote the ideal structural formula of innelite as
Ba,Ti, Na(NaM*")Ti(Si,0;),[(SO.)(PO,)]0-[O(OH)], M** = Mn > Fe > Mg > Ca.

Sokolova and Camara (2017) considered innelite a lamprophyllite-group (seidozerite-
supergroup) TS-block mineral, redefined its formula based on the work of Sokolova et al. (2011)
and renamed innelite-1T as innelite-1A (Memorandum 56-SM/16).

Later on, in the IMA list of minerals, the redefined formula of innelite was changed to
Ba,Ti, Na(NaCa)Ti(Si,0)2[(SO4)(P0O4)]0,[0(OH)]. Recently, we pointed out that Mn** is the
dominant divalent cation at the M°3 site, not Ca. Thus, the formula of innelite was corrected to
Ba,Ti,Na(NaMn?*)Ti(Si,0), [(SO4)(PO4)]0,[O(OH)] (Bosi et al., 2024).

Occurrence and associated minerals

As we found ferroinnelite in a sample of “phosphoinnelite” (see above), information on
occurrence, associated minerals and origin of ferroinnelite is taken from Pekov et al. (2006).
Ferroinnelite occurs in an agpaitic pegmatite vein cross-cutting calcite carbonatite at the
Phlogopite deposit, Kovdor alkaline massif, Kola Peninsula, Russia (67°35'21" N and 30°28'4"
E). Associated minerals are cancrinite (partly altered to thompsonite-Ca), orthoclase, aegirine-
augite, magnesio-arfvedsonite, golyshevite and fluorapatite. The mineral formed in a pegmatite

as a result of hydrothermal activity.

Physical properties

Ferroinnelite occurs as transparent elongated platy to tabular crystals up to 0.15 mm long.
Figure 1 shows a single crystal of ferroinnelite (0.140 x 0.070 x 0.035 mm) on a glass fibre.
Ferroinnelite is yellow to yellow brown; very small grains are pale yellow. The mineral has a
white streak and a vitreous lustre. Ferroinnelite does not fluoresce under cathode rays or

ultraviolet light. The mineral is brittle, cleavage is {001} medium, the fracture is uneven; no



parting was observed. Mohs hardness is ~5 by analogy with innelite [4.75] (Kravchenko et al.,
1961). The calculated density, D¢, is 4.088 g/cm3.

Ferroinnelite is biaxial (+). The calculated mean refractive index of ferroinnelite is <n> =
1.823. Canadian safety regulations do not allow use of refractive-index liquids of 1.800 and
above and so we cannot measure them. The optic angle, 2V = 87(2)°, was measured on a
spindle stage using the method of extinction angles. Ferroinnelite is slightly pleochroic, very
pale yellow to yellow brown.

FTIR and Raman spectroscopies

FTIR and Raman single-crystal spectra for ferroinnelite were collected on crystal 2. In particular,
the IR spectrum was collected at INFN, Laboratori Nazionali di Frascati (Rome) using a Bruker
Hyperion 3000 microscope attached to a Vertex V66 optical bench. Operating conditions were:
4 cm™ nominal resolution on both peak and background, KBr beamsplitter, MCT N,-cooled
detector, averaging 128 scans. The beam size was ~50 x 50 ym?. Raman measurements were
done at the Raman Spectra Lab, Department of Science, Roma Tre University, at room
temperature using an inVia Renishaw spectrometer equipped with a diode laser (532 nm, output
power 100 mW), an edge filter, a 1800 lines per mm diffraction grating and a Peltier-cooled
1024 x 256 pixel CCD detector; the sample was mounted on the manual stage of a Leica
DM2700 M confocal microscope. Spectral acquisitions (20 accumulations, 30 s each) were
done with a 50% objective and a laser power of 3.5 mW.

A selected FTIR spectrum in the principal (OH)-stretching region of ferroinnelite is given
in Fig. 2a, where it is compared with the spectrum collected for holotype innelite 81801 from
Yakutia (Fig. 2b). Due to the very small size of the analyzed samples, both patterns are very
noisy and poorly resolved, however both show undoubtedly the presence of OH groups in the
structure. Both spectra consist of a peak at ~3630 cm™ and a broad band due to several
overlapping components, centered around 3550 cm™ in ferroinnelite and 3590 cm™ in innelite;
these are superimposed on a very broad absorption centered at ~3310 cm™ in ferroinnelite and
~3469 cm™ in innelite that can be assigned to H,O groups and eventually moisture adsorbed on
the analyzed grains.

The Raman spectra (Fig. 2c and 2d) show a weak but well-defined (OH)-stretching
pattern (see insets in Fig. 2c and 2d) where relatively sharp peaks are resolved at 3567—-3591
cm™ (for ferroiinelite and innelite, respectively) and 3643—-3650 cm™; the higher wavenember
peak of ferroinnelite is split with a second evident component at 3671 cm™ (Fig. 2¢). Two

additional broad components at 3416-3439 cm™ (for ferroiinelite and innelite, respectively), and



3153-3167 cm™ can be related to H,O. In the low-frequency range (<1200 cm™), the spectra
are very similar and extremely complex and show five intense to relatively intense peaks at
frequency > 800 cm™ plus many lower-intensity peaks at frequencies < 800 cm™. Based on the
literature data for similar TS-block minerals (e.g. Sokolova et al., 2015; Camara et al., 2016),
peaks at frequencies > 800 cm™ can be assigned to Si—O stretching, whereas peaks at
frequencies < 800 cm™ can be assigned to Si-O bending and to M—O modes. Moreover, the
spectra are complicated by the presence of SO, and PO, tetrahedra in the | block whose modes

typically occur as intense scattering at frequencies > 900 cm™.

Chemical composition
The ferroinnelite crystal 1 previously used for single-crystal X-ray data collection was analyzed
with a Cameca SX-100 electron-microprobe operating in wavelength-dispersion 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 10 s, respectively. The following standards were used
for K, or Ly X-ray lines (analyzing crystals are given in brackets): F(LTAP): F-bearing riebeckite;
Na(TAP): albite; Si(TAP), Ca(LPET): diopside; Nb(PET): Ba,NaNbsOs; P(LPET): apatite;
Ti(LLiF): titanite; Sr(LPET): SrTiOs; Ta(LLiF): MnNb,Ta,0y; Mn(LLiF): spessartine; Mg(TAP):
forsterite; Fe(LLiF): fayalite; Zr(LPET): zircon; S(LPET), Ba(LiF, Lg): barite; Al(LTAP):
andalusite; K(LPET): orthoclase. Data were reduced using the ¢(pZ) procedure of Pouchou and
Pichoir (1985). The chemical composition of ferroinnelite is given in Table 1 and is the mean of
11 determinations.

The empirical formula calculated on 26 (O + F) atoms per formula unit (apfu) is
(Nay gsFe?*0.6sMJo.21MN**0 16Ca0,02)53.01(Bas 84ST0.13NA0 03)4.00( Ti2.01NDo.0sAl0.02Z10.0:MJ0.01)53.00
Siz.02S0.94P0.89H1.70025 80F0.11, Z = 1. The structural formula based on assigned site-populations
(see below) is (833.845l’o.13Nao.03)24(Ti1.98A|o.02)zzNa(Nao.95F92+o.64Mgo.21Mn2+o.1919030.01)22
(Ti0.93NbO.OSZrO.01 MgO.Ol)Zl(Si207)2[(804)0.94(PO4)0.89(OH)O.Sl(HZO)O.lY]02[01.04(0HO.85F0.11)20.96]ZZ-
The simplified formula is (Ba,Sr),Ti;Na(Na,Fe**,Mg,Mn*),(Ti,Nb)(Si,07)-[(SO4)(PO.)]0>
(O,0H),. The ideal formula of ferroinnelite, Ba,Ti,Na(NaFe*")Ti(Si,0),[(SO4)(P0O4)]0,[O(OH)],
requires (wt.%): SO3 5.77; P,Os 5.12; TiO, 17.28; SiO, 17.32; BaO 44.21; FeO 5.18; Na,O 4.47;
H,O 0.65; Total 100.00.

X-ray powder diffraction
X-ray powder diffraction data were obtained by collapsing the entire dataset collected from the

single crystal into one dimension. Data (in A for MoKa) are listed in Table 2. Unit-cell



parameters are therefore the same as for the single-crystal data (Table 3).

Crystal structure: experimental

Data collection and structure refinement

X-ray single-crystal data for ferroinnelite were collected from a twinned crystal (0.127 x 0.097 x
0.046 mm) with a Rigaku XtaLAB Synergy diffractometer, equipped with a PhotonJet-S (Mo) X-
ray source operating at 50 kV and 1 mA, with monochromatized MoKa (0.71073 A) radiation
and equipped with a HyPix-6000HE Hybrid Photon Counting (HPC) detector working at 62 mm
from the sample. The intensities of reflections with -9 <h <9, -12 <k <12, -26 <| < 27 were
collected with a frame width of 0.5° and a frame time of 40 s up to 206 < 81.44°, and an empirical
absorption correction (SCALE3 ABSPACK, Rigaku Oxford Diffraction, 2018) was applied. There
were few observed reflections at high 26, and refinement of the structure was done for 26 < 54°,
—7<h=<7,-9<k=<9,-19 <1=<19. The crystal structure was refined to R; = 0.0745 on the basis
of 4485 unique reflections (F, > 40|F|) using atom coordinates of innelite-1A (Sokolova et al.,
2011) with Bruker SHELXTL version 2014/3 software (Sheldrick, 2015). The ratio of twin
components is 0.466(2) : 0.534(2), and the twin matrixis (<1 00,01 0,00 -1). The
occupancies of the Ti-dominant M" and M°1 sites were refined with the scattering factor of Ti;
alkali-cation sites M®2 with the scattering factor of Na and M®3 with the scattering factor of Fe;
Ba-dominant A" and B sites with the scattering factor of Ba; T site with the scattering factor of
S. The refined occupancy of the Ti-dominant M°1 site is greater than 1 due to the presence of
heavier cations such as Nb and Zr. That is why For the M®2 site, site-occupancy refinement
using the scattering factor of Na converged to 1.0 and was fixed at the last stages of the
refinement. Neutral scattering factors were taken from the International Tables for X-ray
Crystallography (Wilson, 1992). In the last stages of refinement, two subsidiary peaks were
included in the refinement with the scattering factor of Ba. The presence of subsidiary peaks is a
common feature in Ti silicates with the TS block; they are due to intimate intergrowths of these
minerals and the presence of additional structure domains (see HRTEM results for innelite in
Sokolova et al., 2011). Refined site-occupancies of subsidiary peaks were 2 and 3%. The
details of X-ray data collection and structure refinement are given in Table 3, final atom
parameters are given in Table 4, selected interatomic distances and angles in Table 5, refined
site-scattering values and assigned site-populations in Table 6, and bond-valence values in
Table 7. A CIF and a list of observed and calculated structure factors for ferroinnelite have been
deposited with the Principal Editor of Mineralogical Magazine and are available as

Supplementary Material (see below).



Site-population assignment
We divide the cation sites into 3 groups: M" and Si sites of the H sheet, MO sites of the O sheet,
and T, A" and B sites of the | block. Consider first the Ti (+ Nb)-dominant sites. In TS-block
structures, Ti (+ Nb)-dominant sites are always fully occupied. Table 1 shows that the 2M" and
1MPC sites are occupied by Tiz.e1Nbg 05Alp 02Z0.0:Mdo .01 apfu [66.85 epfu (electrons per formula
unit)]. The aggregate refined scattering at these sites (66.6 epfu, Table 4—6) is in agreement
with this composition. We assign Tiy gsAlo.0, to the M™ site and Tig.e3Nbg.0sZr0.0:Mgo.01 to the M°1
site (Table 6). Although the 2M™ and 1MP sites are 99 and 93% occupied by Ti (see above),
calculated bond-valence value at the Ti-dominant site in the O sheet is significantly low: 3.62 vu
(valence units) when compared to aggregate charges of 3.99" and 4.03" for M" and M°1 sites,
respectively (Table 7). Although Ti in the O sheet shows low incident bond-valence sums in
several lamprophyllite-group minerals, this issue is not yet understood. Consider next the alkali-
cation M°(2,3) sites in the O sheet (3 apfu). Table 1 gives Nay osFe?*o,6sMgo2:MN* o 16Cag oo, i.€.
3.01 apfu, with a total scattering of 45.76 epfu. The total refined scattering at the alkali sites is
44.0 epfu (Table 6). In accord with the occupancy refinement of the M®2 site (see above), we
assign Na to this site (Table 6). To the M°3 site, we assign Nag ¢s(Fe€**5.64Mdo.2:MN*"5 16Ca0.01),
i.e. 2 apfu, (with a total scattering of 34.56 epfu) (Table 6).

Consider last the cation sites in the | block. We assign Sgg4Po.s900.17 pfu (Table 1) to the

T site (Table 6). We assign Ba with minor Sr and Na to the peripheral A and B sites.

Structure description
Cation sites

Site nomenclature. The cation sites are divided into 3 groups: the M° sites of the O
sheet, the M" and Si sites of the H sheet, and the peripheral A” and B” sites and the T sites in
the | block. In accord with Sokolova (2006), we label X%y and X°, two anions of the O sheet
which do not coordinate Si atoms; X°y, = anion at the common vertices of 3 M® and FIM"
polyhedra; X°, = anion at the common vertices of 3 M° octahedra.

O sheet. There are three cation sites in the O sheet: the M°1, M®2 and M°3 sites are
occupied by Tio.ssNDo.0sZr0.0:MJo.01, Na and [Nages(Fe**0.64Mgo.2:MN*"0.1664Cal0.01)] apfu,
respectively, and the ideal compositions of the M°1, M°2 and M°3 sites are Ti, Na and (NaFe?")
apfu (Table 6). The M°1 and M°3 cations are coordinated by four O atoms and two X°, anions
(see Anion considerations below) with <M°®1—¢> = 2.00 A and <M°3—¢> = 2.27 A (¢ = O,0OH,F)

(Tables 4-6; Fig. 3a). The structure diagrams were drawn using Atoms 6.4 software (Dowty,



2016). The M®2 cation is coordinated by six O atoms, with <M®2—-O> = 2.43 A (Table 5). The
cations of the O sheet sum ideally to Na(NaFe?")Ti apfu.

H sheet. In the H sheet, there are two tetrahedrally coordinated Si sites, occupied by Si,
with <Si—-O> = 1.63 A (Table 6, Fig. 3b). The [5]-coordinated M" site is occupied mainly by Ti
(Table 6) and is coordinated by O atoms, with <M"-0> = 1.92 A; the very short M"-X°,,
distance of 1.70 A (Table 5) is in accord with the structure topology of lamprophyllite-group
minerals (Sokolova, 2006). For the two H sheets, the sum of the cations is ideally Ti,Si, apfu.

| block. In the I block, there are two distinct peripheral A” and B” sites (Fig. 4). The [9]-
coordinated A" and [11]-coordinated B sites are occupied mainly by Ba (Table 6). The A” and
B sites are coordinated by O atoms of the H sheet and O atoms (or OH and H,O groups) of the
| block (see below), with <A°—p> = 2.87 and <B"—¢> = 2.88 A, respectively (Fig. 5a,b). The ideal
composition of the two A” and BF sites is Ba, apfu. There is one T site occupied by
So.04P0.8000.17 pfu, ideally (SP) apfu, and coordinated by four O atoms, with <T-O> = 1.50 A
(Tables 5,6; Figs. 4,5a). The three sites in the | block ideally give Bas(SP) apfu.

We write the cation part of the ideal formula as the sum of the cations of the | block + O
sheet + two H sheets: Bas(SP) + Na(NaFe*)Ti + Ti,Si, = Ba;Na(NaFe*)Ti;Si,(SP) with a total
charge of 51",

Anion considerations

There are 13 anion sites in the crystal structure of ferroinnelite. In ferroinnelite, each anion site
gives two anions pfu. Bond-valence values for anions are listed in Table 7. Seven anion sites,
O(1-7), are occupied by O atoms which form the tetrahedral coordination of the Si atoms
(Tables 4, 5). The X, anion receives bond-valence contributions from four cations: M"(Ti),
M®2 (Na) and two M°3 (NagsFe®"y5), summing to 2.03 vu (Table 7) and it is an O atom (Figs.
3a,b). Hence O(1-7) + X%y anions sum to O, apfu.

Short-range order at the X°, site. In ferroinnelite, the PIX°, anion receives bond-valence
contributions from three cations: M°1 (Ti) and two M°3 (NaysFe? o) (Fig. 3a); note that the
fourth cation, A", occurs at a distance of 3.53 A and hence does not contribute. The X°, anion
receives bond valence of 1.20 vu and, from a long-range perspective, would be considered a
monovalent anion. However, let us take into consideration the short-range order (SRO) of
cations at the adjacent M°3 site, which is occupied by Nag 475M** ¢ 525 [= Nag g5 (F€* 0.64MJ0.21
Mn®*o.19Cao.01)51.05 apfu]. Where the M°3 site is occupied by M*, the adjacent X°, anion
receives bond-valence from Ti at the M°1 site and two M** at the M°3 site (Fig. 3a), and the X°4

site is locally occupied by O*. Where the M°3 site is occupied by Na, the X°, anion receives



bond valence from Ti at the M®1 site and two Na at the M°3 site (Fig. 3a), and the X%, site is
occupied by the monovalent anions, (OH)  and F. The M°3 site composition is Nag47sM** o525 [=
Nao.o5(Fe**0.64Mgo 21Mn?*o 16Ca0 01)51.05 apfu], and therefore the composition of the X%, site is
Oo52(OH+F)g.48 [= O1.04(OH+F)g g6pfu]. Chemical analysis gives Fq1; pfu (Table 1), and we write
composition of the X%, site as O1.04(OH)o.85F0.11 pfu, ideally [O(OH)] pfu. The corresponding bond
valence incident at the X°, anion should be ~1.5 vu, and the lower value of 1.2 vu (Table 7) is
probably due to the fact that dominance of Na at the M°3 site is responsible for longer
distances.

Short-range order of anions in the | block. In ferroinnelite, there are four anions, O(8-11), that
coordinate the T site which is occupied by Sg.e4P0.8900.17 (Table 6). These anions receive bond
valences of 1.64-2.10 vu (Table 7), and hence are O atoms (Table 4). Ba atoms at the A" and
BP sites and TO, tetrahedra link via O(8—11). Where the T site is 91.5% occupied by S and P
[(S,P)1.8300.17], €ach of the O(8—11) anions is bonded to the T atom and three Ba atoms [O(8—
10): A" and 2B"] or one Ba atom [011: BP] (Table 5). The O(8-11) atoms give 0.915 x 4 = 3.66
O per TO4 group or 1.83 x4 O = 7.32 O per Sp94Po.g0 pfu. Where the T site is 8.5% vacant, the
anions at the O(8-11) sites receive bond-valence solely from Ba atoms, 0.84, 0.83, 0.62 and
0.33 vu, respectively (Table 7) compatible with OH groups at the O(8—10) sites and an H,O
group at the 011 site (Fig. 5b). Atom O11 has ADP max/min ratio of 17.4 prolate due to the
occupancy of the O11 site by a [2]-coordinated O atom at 91.5% and a [1]-coordinated H,O
group at 8.5%; hence the O11 atom is extremely positionally disordered.

The total content of OH and H,O groups is (OH)q5:(H>0)0.17 pfu. Hence the anion content
of the O(8—11) sites is O3, (T site occupied) + (OH)q5:1(H20)0.17 (T site vacant) =
07.32(OH)0.51(H20)0.17 pfu.

We write the ideal anion part of the innelite structure as the sum of the anion sites: Oy,
(14 O atoms of Si, tetrahedra and 2 O atoms at the X°y site) + [O(OH)] (at the X°, site) + Og (I
block) = O,5(OH) pfu, with a total charge of 51™. This is in accord with the ideal cation part of the
structure, Ba,;Na(NaFe®")Ti;Si,(SP), with a total charge of 51"

Structure topology

The main features of the structure topology of the ferroinnelite are in accord with the crystal
structure of innelite reported by Chernov et al. (1971) and refined by Sokolova et al. (2011). The
structure is a combination of a TS block and an | block. The TS block consists of HOH sheets,
and the O sheet is an octahedral close-packed sheet (Fig. 3a). In the H sheet, two Si tetrahedra

link to form an Si,O- group, and Si,O, groups share vertices with the [5]-coordinated M-



polyhedra (Fig. 3b). In ferroinnelite, the TS block exhibits linkage 1 and stereochemistry typical
for the lamprophyllite group: two H sheets connect to the O sheet such that two Si,O; groups
link to trans edges of the Ti octahedron of the O sheet (Figs. 3b,4). The ideal composition of the
TS block of the form M",M®4(Si,07)2(X°w)2(X%A)2 is {Ti,Na(NaFe?)Ti (Si,0-),0,[O(OH)]}*". In
accord with Sokolova (2006), M™,M°4(Si,07)2(X°w)2(X°,)- is the invariant core of the TS block in
all TS-block structures. In ferroinnelite, the TS blocks alternate with intermediate | blocks. An |
block is always intercalated between two TS blocks and cations of the | block form close-packed
layers parallel to the TS block, where m denotes the number of those layers (Sokolova, 2006).
In innelite, there is one type of | block where m = 3. In two m layers, Ba atoms at the A” and B”
sites are arranged in a close-packed fashion where each atom is surrounded by six others at
approximately equal distances of 5 A. The third, central, layer is composed of T tetrahedra of
ideal composition [(SO4)(PO,)], where S: P =1: 1. In the | block of the ferroinnelite structure,
Ba atoms connect via TO, tetrahedra where the T site is occupied by S and P or via OH and
H,O groups where the T site is vacant (Fig. 5). The ideal composition of the | block of the form
AP,B"5(TOy), is {Ba4[(804)(Po4)]}3+-

Chemical formula

For ferroinnelite, we write the ideal structural formula of the form
A",BP,M",MC4(Si,07)2(TO)2(Xm)2(XC4). as the sum of the ideal compositions of the TS block
and | blocks: {Ti,Na(NaFe®")Ti(Si,07),0,[0(0H)]}* + {Ba,[(SO.)(PO.L)}*" =
Ba,Ti;Na(NaFe*")Ti(Si,0;).[(SO4)(PO,)]0,[O(OH)], where M™, = cations of the H sheet = Ti,;
M®, = cations of the O sheet = Na(NaFe®")Ti; X°, = anions in the O sheet = O,[O(OH)]; A”,B", =
cations at the P (peripheral sites) which belong to the | block = Bay; central part of the | block =
(TO4)2 = [(SO4)(POL)].

Above, we reported the empirical formula for ferroinnelite (Table 1) calculated on the
basis of 26 (O + F) anions: (Nay.ssF€?6.64Mgo2:MN**0.16Ca0.02)3.01(Bas 84Sr0.13N@0,03)54.00
(Ti2.91NbBg.05Al0.02Z10.01MJ0.01)£3.00S14.02S0.94P0.80H1.70025 89F0.11, Z = 1 and the structural formula
based on assigned site-populations (BasgsSro.13Nag 03)s4(Ti1.08Alo.02)s2Na
(Nag osFe** 6.64MJo.21MN** 0 1919C80.01)z2(Ti0.93ND0.05Z0.0:MJ0.01)51(S1207)2
[(SO4)0.94(PO4)0.89(OH)0.51(H20)0.17]O2[O1.04(OHo g5F0.11)50.96]s2. The validity of the ideal formula is
supported by the close agreement between the charges for specific groups of cations in the
ideal and structural formulae: 8" for Ba, versus 7.97" for (Bas g4Sro.13Nag 03)s4; 8" for Ti, versus
7.98" for (TipesAlooz); 4" for Na(NaFe?") versus 4.05" for Na(Nag esFe”0.6sMJo.2:MN** 5 1016C80.01);
57 for [(SO,4)(PO,)] versus 5.06™ for [(SO4)0.94(PO4)0.80(OH)0.5:H200.17]-



Summary

(1) The chemical composition of ferroinnelite has been determined. The ideal structural formula
of ferroinnelite of the form A”,B”,M™,M°4(Si,07)2(TO4)2(Xu)2 (X°a)2 is BasTi.Na(NaFe®")Ti
(Si207)2[(SO4)(POL)]O2[O(OH)], where S: P=1: 1.

(2) Ferroinnelite, ideally Ba,Ti,Na(NaFe*)Ti(Si,07)2[(SO4)(PO4)]0.[O(OH)], is a new
representative of titanium disilicate minerals with the TS block and a new member of the
lamprophyllite group (Ti + Nb = 3 apfu) of the seidozerite supergroup. Ferroinnelite belongs to
the structure type B2(LG): B = basic, LG = lamprophyllite group.

(3) There are two substitutions in the O sheet of the TS block: Na* «» Fe* at the M°3 site
adjacent to the X%, site and OH™ <> O at the X°, site, and these couple as follows: Na* + OH~
— Fe*" + 0%,

(4) There are two substitutions in the | block: '(S,P) « 'O at the T site and O* < OH™ + minor
H,O at the anion sites which coordinate the T sites; they couple as follows: '(S,P) + 0 « 'O +
OH™ + minor H,0.

(5) Ferroinnelite is isostructural with innelite-1A, ideally Ba,Ti;Na(NaMn*)Ti(Si,0-), [(SO.)(PO.)]
O,[O(OH)] (Sokolova et al., 2011; Sokolova and Camara, 2017) (Table 8). Ferroinnelite and
innelite are related by the following cation substitution at the M°3 site in the O sheet in the TS
block: Fe** e, <> Mn .

(6) IR and Raman spectroscopies confirmed the presence of OH and H,O groups in ferroinnelite
and the holotype sample of innelite (sample 81801, Fersman Mineralogical Museum, Moscow,

Russia.
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Figure captions

Fig. 1. Pale brownish-yellow crystal of ferroinnelite (0.140 x 0.070 x 0.035 mm) on a glass fibre.
This crystal was used for IR-spectroscopy at INFN-Laboratori Nazionali di Frascati (Roma),
Italy.

Fig. 1



Fig. 2. Infrared spectra of (a) ferroinnelite (crystal 9530_2) and (b) holotype innelite (crystal
81801 _1) in the principal OH-stretching region; Raman spectra of (c) ferroinnelite and (d)
holotype innelite from ~100 to 4000 cm™"; the OH stretching range is shown in the inset where

the pattern decomposition is given as a guide to the eye.
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Fig. 3. The TS block in the crystal structure of ferroinnelite viewed down [001]: (a) O sheet and
(b) linkage of H and O sheets; SiO, tetrahedra are orange, Ti**-dominant polyhedra are yellow,
Na octahedra and (Na,Fe?*) octahedra are navy blue and bluish-green, respectively; X°y[O]
and X%, [0,(OH)] anions are shown as small white circles with green rims and pink spheres.
Labels 1 and 2 (on orange) correspond to Si(1,2) tetrahedra, respectively. Labels 1-3
correspond to M°(1-3) octahedra in the O sheet, respectively. Inset on the right shows a
possible hydrogen bond X°,—03 where the M°3 site is occupied by Na and the X%, site is

occupied by an OH group shown as a small red sphere.
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Fig. 4. The crystal structure of ferroinnelite projected onto (100). Legend as in Fig. 3; Ba atoms
at the A” and B sites are shown as raspberry-coloured spheres, TO, (T = S,P) tetrahedra are

yellow. The three vertical lines show the positions of the cation layers (m = 3) in the | block.
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Fig. 5. Details of short-range order of anions in the | block for ferroinnelite: (a) linkage of Ba
atoms (at the ®'A” and "B sites) and TO, tetrahedra where T tetrahedra are fully occupied by
S and P; (b) linkage of Ba atoms at the A" and B" sites via OH [0(8,9,10)] and H,O groups
[011] where T sites are vacant. Legend as in Fig. 4; Ba atoms at the A” and B’ sites are shown
as raspberry-colored spheres and labeled A and B, respectively. Anions in the | block are (a) not
shown where they are O atoms which coordinate T sites occupied by S and P and (b) shown as
small red OH and large red H,O spheres where T sites are vacant. Thin black lines in (a) and
(b) show Ba—O bonds; dashed lines in (b) show possible hydrogen bonds.
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Table 1. Chemical composition (wt.%) and unit formula (apfu) for ferroinnelite* and innelite?.

Oxide  ferroinnelite innelite Formula unit ferroinnelite innelite
SO; 5.47 6.03 S 0.94 1.02
Nb,Os 0.45 0.18 P 0.89 0.81
P,Os 4.59 4.24 Si 4.02 4.01
yA(OF 0.13 n.d.
TiO, 16.91 17.50 Ti 2.91 2.97
SiO, 17.55 17.76 Nb 0.05 0.02
Al,O3 0.06 0.06 Al 0.02 0.02
BaO 42.83 44.59 Zr 0.01 0
SrO 1.01 0.48 Mg 0.01 0
FeO 3.34 0.89 ¥2MH + M° 3.00 3.01
MnO 0.97 1.98
CaOo 0.09 0.40 Na 1.95 2.16
MgO 0.64 0.43 Fe? 0.64 0.17
K,O 0.01 0.00 Mg 0.21 0.15
Na,O 4.47 4.95 Mn** 0.19 0.38
H,O* 1.11 1.22 Ca 0.02 0.10
F 0.15 0.30 >3M° 3.01 2.96
O=F -0.06 -0.13
Total 99.72 100.88 Ba 3.84 3.94
Sr 0.13 0.06
Na 0.03 0.06
>2A"+2B7  4.00 4.00
2 cations 15.86 15.81
OH 0.85 0.99
F 0.11 0.21
T2XO 0.96 1.20
H*** 0.85 0.85
Total H* 1.70 1.84

! this work: EMPA; * Sokolova et al. (2011): EMPA,;

* calculated from structure-refinement results: 1[(OH)1_36 and (H,0),17] and
?[(OH)1.50 and (H20)0.17] pfu;

** monovalent anions of the O sheet;

*+* content of H* in the | block from: Y[(OH)g51(H20)0.17] @and *[(OH)es1(H20)0.17] pfu



Table 2. Simulated X-ray powder diffraction data* for ferroinnelite.

Iest. dcalc (A) h k |
38 14.555 0 0 1
6 11.449
4 8.079
6 7.116 0 0 2
5 4.859 0 0 3
13 4.156 1 1 1
22 3.934 1 1 2
10 3.546 0 2 1
56 3.353 0 2 2
5 3.173 1 1 3
8 3.045 0 1 4
9 2.982 1 1 4
19 2.776 1 2 1
100 2.694 2 0 0
17 2.250 0 3 1
46 2.124 2 2 2, 2 2 0
17 2.055 2 2 1, 2 1 4
11 1.991 1 2 5, 1 3 4
6 1.839 0 3 4, 0 3 6
11 1.775 0 4 1, 1 2 7
5 1.642 3 1 2
6 1.594 3 2 1, 3 2 0
7 1.568 3 1 5, 2 1 8
10 1.480 2 4 0, 2 3 5
2 1.430 3 3 1
7 1.365 2 4 5, 1 5 2
4 1.308 1 4 8, 1 4 6

* the entire dataset of images was collapsed in 1D.



Table 3. Miscellaneous refinement data for ferroinnelite.

a (A)

V (A%
Space group
z

Reflections for cell refinement (I > 100l)
Absorption coefficient (mm™)

F(000)
Dcalc. (glcms)
Crystal size (mm)

Radiation/monochromator

206-range for structure refinement (°)

h
k
I

R(o) (%)

Ratio of twin components*

Reflections collected

Independent reflections
F, > 40F

Refinement method

Final R(obs) (%)
Fo > 40oF
Ry

WR2

Highest peak, deepest hole (e A™)

Goodness of fit on F?

5.3994(8)
7.09239(13)
14.7345(4)
98.4086(19)
94.3275(18)
90.0133(13)
556.56(8)

P1

1

12004

9.07

627.9

4.094

0.127 x 0.097 x 0.046
MoKa/graphite
5.61 — 54.96

—7<h=s7
-9<k=<9
-19=<1<19

2.34
0.466(2) : 0.534(2)
11786

4736
4485

Full-matrix least squares
on F?, fixed weights
proportional to 1/c F,?

7.45

7.68

20.95

3.05, -2.03
1.140

* twin matrixis (<100 010 00-1)



Table 4. Atom coordinates and anisotropic displacement parameters (A?) for ferroinnelite.

AtO X y 7 Ull U22 U33 U23 U13 UlZ Ueq
m
Si1 0.8138(6)0.2287(5)0.8099(2)0.0049( 0.0088( 0.0122( 0.0028( 0.0003( — 0.0085(
14) 15) 16) 13) 12) 0.0008( 7)
13)
Si2 0.8156(7)0.6607(5)0.8121(3)0.0081( 0.0069( 0.0134( 0.0040( 0.0010( — 0.0092(
15) 15) 16) 13) 13) 0.0013( 7)
13)
M" 0.6859(4)0.0575(3)0.19980( 0.0038( 0.0086( 0.0153( 0.0035( 0.0003( — 0.0091(
16) 9) 10) 11) 9 8) 0.0011( 5)
8)
MC10 s 0 0.030(2) 0.0141( 0.026(2) 0.0034( — - 0.0241(
18) 16)  0.0137( 0.0028( 11)
15) 16)
MC20 0 0 0.013(4) 0.030(5) 0.022(4) 0.005(4) 0.002(3) 0.002(4) 0.0215(
18)

M©30.4989(7)0.7384(5)0.9999(3) 0.0150( 0.0209( 0.0253( 0.0021( 0.0039( 0.0007( 0.0204(
15) 17)  18)  14) 1)  13) 9)
T 0.7542(7)0.2972(6)0.5223(3)0.0087( 0.0132( 0.0191( 0.0029( 0.0017( — 0.0136(
16) 17)  18)  14)  14)  0.0004( 8)
13)
A” 0.28690( 0.42085( 0.67782( 0.0136( 0.0152( 0.0458( — 0.0017( - 0.0256(
17) 14) 8) 4) 5) 6) 0.003(0) 4) 0.0007( 3)
4)
B” 0.77299( 0.87807( 0.60886( 0.0126( 0.0134( 0.0165( 0.0033( 0.0006( — 0.0141(
15) 13) 6) 4) 4) 4) 3) 3) 0.0001( 2)
3)
O1 0.8335(1 0.2703(1 0.9214(6)0.018(5) 0.015(5) 0.006(4) — 0.004(3) 0.001(4) 0.014(2)
8) 5) 0.003(4)
02 0.5604(1 0.1189(1 0.7654(7)0.015(5) 0.013(5) 0.020(5) 0.003(4) 0.001(4) — 0.016(2)
8) 5) 0.004(4)
03 0.0539(1 0.1205(1 0.7674(7)0.007(4) 0.012(4) 0.020(5) 0.005(4) 0.001(3) 0.006(3) 0.013(2)
7) 4)
04 0.8059(1 0.4347(1 0.7686(7)0.011(4) 0.005(4) 0.022(5) — 0.000(4) 0.000(4) 0.0130(
7) 4) 0.001(4) 19)
O5 0.5574(1 0.7437(1 0.7694(7)0.012(4) 0.014(5) 0.016(4) 0.007(4) 0.002(4) 0.002(4) 0.014(2)
7) 4)
06 0.0543(1 0.7438(1 0.7700(7)0.009(4) 0.011(4) 0.019(5) 0.008(4) 0.002(3) 0.001(4) 0.0123(
7) 4) 19)
O7 0.8364(1 0.6861(1 0.9226(7)0.009(4) 0.016(5) 0.014(4) 0.001(4) — 0.002(4) 0.013(2)
7) 5) 0.001(4)
X°40.6535(1 0.018(2) 0.0831(7)0.013(5) 0.046(7) 0.019(5) 0.004(5) — 0.006(5) 0.026(3)
9) 0.001(4)
X%x 0.289(2) 0.4766(1 0.9268(8)0.042(7) 0.026(6) 0.030(6) 0.003(5) 0.014(5) 0.004(6) 0.032(3)
9)



08 0.985(2) 0.1988(1 0.5540(7)0.019(5) 0.027(6) 0.019(5) 0.007(4) 0.001(4) — 0.021(2)
6) 0.001(4)

09 0.5357(1 0.1999(1 0.5532(7)0.011(4) 0.019(5) 0.023(5) 0.004(4) 0.001(4) 0.001(4) 0.018(2)

8) 5)

0100.733(2) 0.2673(1 0.4186(8)0.020(5) 0.034(6) 0.027(6) 0.021(5) — - 0.025(3)
7) 0.002(4) 0.003(5)

0110.765(2) 0.4949(1 0.5724(1 0.009(5) 0.004(5)0.117(1 - - - 0.046(4)
6) 3) 3) 0.011(7) 0.006(6) 0.004(4)

Subsidiary

peaks*

1 0.646(8) 0.125(7) 0.392(3) 0.02**

2 0.719(7) 0.015(5) 0.322(2) 0.02**

*Site occupancies for 1 and 2 are 0.02 and 0.03, respectively (scattering factor of Ba);

**Uiso

Table 5. Selected interatomic distances (A) and angles (°) for ferroinnelite.

Si1-02 1.62(1) Si2-07 1.61(1) T-011 1.49(1)
Si1-01 1.62(1) Si2—06a 1.62(1) T-09 1.50(1)
Si1-03a 1.63(1) Si2—-05 1.63(1) T-010 1.51(1)
Si1-04 1.66(1) Si2-04 1.64(1) T-08 1.51(1)
<Si1-0> 1.63 <Si2-0> 1.63 <T-O> 1.50
Si1-04-Si2 137.1(7)

MH-X°y, 1.70(1) M21-(X%)d 1.95(1) x2 M°2—(X°e 2.31(1) x2

M"-O5¢ 1.96(1) M°1-O1c 2.02(1) x2 M°2-07c 2.48(1) x2
MH-O6¢ 1.97(1) M°1-0O7¢  2.03(1) x2 M°2-O1c  2.51(1) x2

M"-03b 1.97(1) <MP1-¢> 2.00 <M®2-0>  2.43
M"-02b 1.97(1)
<M"-0> 1.91 AP—O8e 2.68(1) BP-011 2.69(1)
AP—09 2.68(1) BP—09c 2.79(1)
M°3-01f 2.22(1) AP-010c 2.80(1) BP—0O8h 2.80(1)
M°3-07 2.22(1) A"-05 2.83(1) BP-08i 2.80(1)
MO3—(X°uf  2.26(1) AP—06 2.83(1) BP-O9%h 2.81(1)
M©3-X°, 2.26(1) AP-02 2.99(1) BP—010i 2.90(1)
MP3—(X°wg 2.29(1) AP-03 2.99(1) BP-010c 2.90(1)
M°3—(X°w)c  2.37(1) A"-04 3.01(1) BP—O2h 2.97(1)
<M®3—p> 2.27 AP-O4e 3.01(1) BP-05 2.99(1)

<AP—p> 2.87 BP-O6a 2.99(1)



BP-03j 3.00(1)
<BP—¢> 2.88

o =0, OH, F;
a:x+l,y, z; b:—x+1, -y, —z+1; c: —x+1, -y+1, —z+1; d: X, vy, z-1; e:x-1,y, z;
fi —x+1, =y+1, —=z+2; g: X, y+1, z+1; h: x, y+1, z; ii —x+2, —=y+1, —z+1; |: x+1, y+1, z.

Table 6. Refined site-scattering values and assigned site-populations for ferroinnelite.

Site* Refined Assigned site-population Calculated <X—@>qps**Ideal
site-scattering (apfu) site-scattering A composition***
(epfu) (epfu) (apfu)
CATIONS
i 44.0 Tiy 0sAlo 02 43.82 1.92 Ti,
Til.97Nb0.02A|0.01
Mol 226(3) Tiolgngo_05Zro_01MgQ01 23.03 2.00 Ti
Til.OO
M©2 11.0 Na o0 11.00 2.45 Na
Nay oo
M°3 33.0(5) Nao,gs(Fezz*o,M|\/|gg_21Mn2+0,1g<:a0,01)21,05 34.56 2.27 (NaFe22+)***
Nay 16(MNn“"g 3sF€” 0.17Mo.15Cag.1000.04) (NaMn®)
i 28.4 S0.94P0 8900 17 28.39 1.50 (SP)
S1.02|:)0.81D0.17
N 109.4(5) Bay 02Sr0.07Nag.01 110.29 2.88 Ba,
Bay 97Sr0.03
tigP 108.4(4) Bay 92Sr0.06Nao.02 110.02 2.88 Ba,
Bay 97Sr0.03
A" B" 217.8 Bas 84Sr0.13Nao o3 220.76 Ba,
HISi(1,2) SH Sia
ANIONS
Oo(1-7) Op— (Si207).
XOM 02 02
BIXOa [O1.04(OHo.g5F0.11)50.96]52 [O(OH)]
[OO.SO(OHO.QQFO.Zl)Zl.ZO]ZZ
0(8_10112J11) [07.32(OH)0.51(H20)0.17] - [(804)0A94(PO4)0.89(OH)O.Sl(H20)0.17] [(804)(PO4)]

[07.52(OH)051(H20)0.17] = [(SO4)1.02(PO4)0.61(OH)0.51(H20)0.17]

* Coordination numbers are given for non-[6]-coordinated sites;

** @ =0, OH, F, H,0;

** Compositions and ideal compositions at all sites in ferroinnelite are respectively similar and equivalent
to the ones in innelite-1A (shown in blue), except for the M°3 site: (NaFe2+) (ferroinnelite) and (NaMn2+) in
innelite-1A (Sokolova et al., 2011; Sokolova and Camara, 2017).
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Table 7. Bond-valence* (vu) values for ferroinnelite.

Atom Sit S22 MY M1 M°2 M3 T A B =

o1 1.01 0.57%] 0.15™] 0.27 2.00

02 1.01 0.64 0.15 0.16 1.96

03 0.98 0.64 015 0.15 1.92

04 091 0.95 0.15 2.16

0.15

05 0.98 0.65 0.23 0.15 2.01

06 1.01 0.60 0.23 0.5 2.02

o7 1.03 0.56] 0.16*%] 0.27 2.02

X% 1.37 0.222] 0.24 2.03

0.20
1% 0 0.68% 0.26 1.20
0.26

08 1.23 0.34 0.25 2.07
0.25

09 1.27 0.34 0.25 2.10
0.24

010 1.23 024 0.19 1.85
0.19

Plog1** 1.31 0.33 1.64

Sum 391 397 394 362 1.06 150 504 198 231

Adgregate , oy 400 399 403 1.0 153 505 2.00 2.00

charge

* Bond-valence parameters are from Brown (1981);

** Coordination numbers are given for non-[4]-coordinated anions.
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Table 8. Comparison of ferroinnelite and innelite-1A.

Mineral ferroinnelite! innelite-1A?

Ideal structural Ba,Ti, Na(NaFe?")Ti Ba,Ti, Na(NaMn?")Ti

formula (Si207)2[(SO4)(PO4)]O-[O(OH)] (Si207)2[(SO4)(PO4)]O-[O(OH)]

a(A) 5.3994(8) 5.4234(9)

b 7.09239(13) 7.131(1)

c 14.7345(4) 14.785(3)

a (%) 98.4086(19) 98.442(4)

B 94.3275(18) 94.579(3)

y 90.0133(13) 90.009(4)

V (A% 556.56(8) 563.7(3)

Space group P1 P1

Z 1 1

Deac. (g cm™) 4.088 4.024

Dineas. (g €m™) 3.96

_Strongest reflections 2.694(100) 2.9049(100) 14.7(100)

g‘if]ffscii(c;rr]aé’aﬁg‘fvgf/{ () 3.353(56) 14.327(95) 2.709(100)
2.124(46) 2.6857(79) 2.140(90)
14.56(38) 4.831(51) 3.37(80)
3.93(22) 3.247(44) 2.810(70)
2.776(19) 2.1277(42) 4.20(40)

optical class, sign biaxial (+) biaxial (+)

a >1.800 1.726

B >1.800 1.737

Y >1.800 1.766

2V (meas.) (°) 87(2) 82

Locality Kovdor massif, Inagli massif,
Russia Russia

Lthis work;

Zideal structural formula, D, unit-cell parameters and space group are from Sokolova et al.
(2011); Dneas. @and optical data are from Kravchenko et al. (1961), power-diffraction data are
from Raade and Berg (2000) (powder diffractometer Siemens D5005, left) and Pekov et al.
(2006) (RKU-86 mm camera, right).
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